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Waterborne coatings on ferrous substrates usually show flash rusting which 
decreases the adhesion of the coating and the corrosion products can form a stain. 
Chelating compounds were investigated as potential flash rust inhibitors.  Compounds 
being evaluated include amine alcohols, diamines and sulfur containing amines.  A new 
corrosion inhibitor 2,5-bis(thioaceticacid)-1,3,4-thiadiazole (H2ADTZ) was synthesized 
and its performance characteristics were evaluated. It was noted that the observed 
structure of 1,3,4-thiadiazolidine-2,5-dithione (also known as 2,5-dimercapto-1,3,4-
thiadiazole (DMTD or DMcT)) has been previously reported in three different tautomeric 
forms including –dithiol and –dithione. The relative stability of each form as well as the 
synthesis and characterization of the structures of mono- and dialkylated forms of 5-
mercapto-1,3,4-thiadiazole-2(3H)-thione (MTT) were examined.  The methods of X-ray 
crystallography, NMR spectroscopy and ab-initio electronic structure calculations were 
combined to understand the reactivity and structure of each compound.  
Polymers were synthesized with a 1:7 or 1:8 ratio of acrylic acid to acrylate 
monomers to produce an acid rich resin. The polymers were reduced and solvent stripped 
to produce Colloidal Unimolecular Polymers (CUPs). These particles are typically 3-9 
nanometers in diameter depending upon the molecular weight. They were then 
formulated into a clear coating with either a melamine (bake) or an aziridine (ambient 
cure) and then cured. The melamine system was solvent free, a near zero VOC and the 
aziridine system was very low to near zero VOC. The coatings were evaluated for their 
MEK resistance, adhesion, hardness, gloss, flexibility, wet adhesion, abrasion and impact 
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1.1 FLASH RUSTING  
 
Flash rusting is an objectionable property of water thinned coatings which occurs 
due to the corrosion of a ferrous substrate caused by the presence of water and rapid 
diffusion of oxygen during the drying process of aqueous coatings. These corrosion 
products can migrate towards the surface and form a visible stain.  
 
Flash rusting is a type of corrosion reaction which can only occur when the 
following conditions are met
[1]
: 
1) an aqueous phase exists 
2) oxygen is present 
3) ions such as chloride, sodium, etc. are present 
4) a conductive pathway exists between the anodic and the cathodic areas. 
 
1.2 FLASH RUST INHIBITORS 
 
Chemical agents that interact with the metal surface and reduce their corrosion 
tendencies are called corrosion inhibitors. Flash rust inhibitors are a class of corrosion 
inhibitors which stops or significantly reduces the formation and/or the migration of 
corrosion products in the coating film during the process of drying, thereby eliminating 





1) Those that form layers of considerable thickness on the substrate 
2) Those that form films by reactions with the protected substrate 
3) Those which function by surface adsorption with no significant reaction with the 
substrate. 
 
It has been reported that certain inorganic salts or organic compounds eliminate 
flash rusting in water-borne coating systems.
[2,3]
 In an extensive review, Riggs gives the 
structure of 207 organic compounds that are used as corrosion inhibitors.
[4]
 All of these 
compounds are polar in nature and contain an active group capable of strong bonding to 
an iron surface. Typical groups include acetylenic bond, primary, secondary and tertiary 
amines, ether, thioether, aldehyde, carboxyl, nitrogen in a ring, sulfur in a ring, hydroxyl, 
thiol, sulfoxide and phosphonium. 
Conventional flash rust inhibitors show system dependency and their 
effectiveness varies with the type of pigment, extender or the resin used and henceforth 
have to be used in excess. Nitrites, commonly used as flash rust inhibitors leach out over 
a period of time and can cause blistering.
[5]
 If a chemical agent is designed such that it 
forms a tight chelated complex with the metal substrate and thereby prevent it from 
corroding, it would potentially be an effective flash rust inhibitor. Based on the principle 
of chelation, a new-generation additive: 2,5-bis(thioaceticacid)-1,3,4-thiadiazole was 
synthesized and its performance characteristics were evaluated in a water-borne coating 
system. 
ASTM D-610 has been the most widely used method to date, to evaluate the 
extent of flash rusting, but this method is subjective and operator dependent as human 
  
3 
eyes are used to count the flash rust spots to estimate the rusted surface area as compared 
to the whole surface covered by the coating.
[6]
 Photographs of different percentage of 
flash rust coverage are used as the standard for evaluation. It was pivotal to develop a 
quantitative method based on the use of a color spectrophotometer to avoid operator bias. 
A color computer can be employed to record the Hunter Whiteness Indices which can be 
deciphered to give the % flash rusting
[1]
. The extent of flash rusting can be obtained from 
the following equation: 
 
% Flash Rusting = [(Standard – Sample) / (Standard – Blank)] * 100           (1.2.a) 
 
Here, standard, sample and the blank are the Hunter Whiteness Index values measured 
spectrophotometrically for the respective panels and are defined as follows: 
 
Sample = a steel panel coated with the paint of specific thickness containing a flash rust 
inhibitor and exposed to conventional drying conditions of testing. 
Blank = a steel panel coated with the paint of same thickness containing no inhibitor and 
exposed to the same drying condition.  
Standard = an aluminum panel with the paint of same thickness containing no inhibitor 







1.3  5-MERCAPTO-1,3,4-THIADIAZOLE-2(3H)-THIONE 
 
During the research work of evaluating the flash rust inhibition performance of 
2,5-bis(thioaceticacid)-1,3,4-thiadiazole for its use as a potential flash-rust inhibitor and a 
corrosion inhibitor in coatings,
[7]
 the compound 5-mercapto-1,3,4-thiadiazole-2(3H)-
thione (MTT) was used as a starting material. It is commonly known as DMTD or DMcT 
and has been shown to have three possible tautomeric structures,
[8,9]
 Figure 1.1, with the 








Figure 1.1 The three tautomeric forms of MTT 
 
The alkylated derivatives of MTT were to be evaluated as flash rust and corrosion 
inhibitors for waterborne coatings. Thus, it was important to know and understand the 
substitution mechanism of this compound and its various substitution products as well as 
to determine the structures and their stability by combining results of ab-initio electronic 
structure calculations, X-ray crystallography and nuclear magnetic resonance 
spectroscopy to validate and better understand the chemistry of MTT.  
5-mercapto-1,3,4-thiadiazole-2(3H)-
thione 
Structure 1 Structure 2 Structure 3 
  
5 
1.3.1 Structure of MTT in DMSO Solution. There have been several 





C NMR of MTT in DMSO-d6. The structure of MTT has been widely reported in 
its dithiol form.
[10,11,12]
 This can be attributed to the fact that both the substitutions on 




If MTT existed either in the dithiol or the dithione form as reported often in the 
scientific literature, then both the hydrogens and the carbons of MTT would be identical 




C NMR spectras. But the reality 
was strikingly different. No peaks for MTT were observed in many of the deuterated 
solvents during the NMR experiments, Table 1. The only solvents able to record 
1
H NMR 
were DMSO-d6 and ‘Unisol’ (sold by Norell; proprietary chemical; contains CDCl3-d and 
DMSO-d6 with TMS standard for calibration of chemical shifts). 
13
C NMR for MTT in 
solution was only observed in ethanol-d6 and Unisol. 
 




C-NMR liquid state NMR experiments 
were performed on a 400 MHz Varian FT/NMR spectrometer under the guidance of Dr. 
Gerald Rex (Dept. of Chemistry, MST). Solid state NMR was performed on a Bruker 
DRX-300 spectrometer with CP-MAS and 7mm diameter solid rotor by Dr. Wei Wycoff 
(Dept. of Chemistry, University of Missouri-Columbia), who also helped with some 
liquid state NMR experiments on a 500 MHz Bruker DRX-500 spectrometer equipped 
with a cryo-chilled TCI probe. X-ray crystallography was performed by Dr. Amitava 




Table 1. NMR spectra of MTT in various solvents 







Benzene No - - - 
Toluene No - - - 
Acetonitrile No - - - 
Cyclohexane No - - - 
Chloroform Sparing 40 Not Observed 
Dichloromethane Sparing 20 Not Observed 
Methanol Sparing 30 Not Observed 
Water Sparing 20 Not Observed 
Acetone Sparing 20 Not Observed 
Dioxane Yes 50 Not Observed 
DMSO Yes 60 2 Peaks Not Obs. 
Ethanol Yes 50 Not Obs. 2 Peaks 
Unisol Yes 50 2 Peaks 2 Peaks 
 
Interestingly, the 2 peaks observed in the 
1
H NMR spectra were broad, indicating 
a possible H-transfer phenomenon due to the rapid transformation of one tautomeric form 
of MTT to another. To validate this hypothesis, varied temperature experiments (VT-
NMR) were performed on a Varian 400 MHz FT/NMR spectrometer for MTT solution in 
DMSO-d6 at a concentration of 50 mg/ml in a 5 mm outer diameter thin-walled glass tube 










C and 120 
o
C, Figure 1.2-1.7. 
It was observed that as the temperature increased, the 2 broad peaks would move towards 
each other and merge at 60 
o
C to give a broad peak across 3-15 ppm. At elevated 
temperatures, this peak would sharpen across 3-5 ppm at 120 
o
C. After 30 sec., the top of 






















































































































































































































































































 The product formed in the NMR tube after the varied temperature experiments 
was insoluble in DMSO, THF, benzene, acetone, water, ethanol and chloroform. The 
melting point of this product was found to be 175-178 
o
C which was identical to that of 
MTT. 
 To simulate the conditions of the VT-NMR experiment, 1.5 g of MTT was heated 
in 22.5 g of DMSO at 110 
o
C for 1 hour in a micro-distillation assembly. The collection 
flask started getting hazy around 40 
o
C after 10 min. and the distillation product started 
coming out around 80 
o
C. The distillation product was separated into two components: 
one which had a boiling point of 38 
o





 component of the distillation product was identified as dimethyl sulfide (Me2S) by 
means of a 
1
H NMR in DMSO (2.1 ppm) and the 2
nd
 component was identified as water 
by means of a 
1
H NMR in DMSO (3.3 ppm) as well as refractive index (1.3325 at 20 
o
C, 
by Abbe Refractometer). The precipitate formed at the end of the reaction in the reaction 
flask was washed with diethyl ether and weighed 1.47 g. This product had a M.P. of 175-
178 
o
C and was insoluble in DMSO, THF, benzene, acetone, water, ethanol and 
chloroform. This validates that the product was the same as that formed in the VT-NMR 
experiments. It was postulated that the product could possibly be either an extended H-
bonded network of MTT molecules or a dimer/trimer of MTT. Since the product formed 
was insoluble in most common NMR solvents, it was not possible to record NMR spectra 
to determine its structure. In another set of experiments to determine the stability of MTT 
in DMSO, it was observed that the same product, as described earlier, was formed after 
different time intervals depending on the concentration of MTT in DMSO. For 0.5% 
concentration, traces of the product, as precipitate, were observed after 3 days while at a 
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higher concentration of 5%, traces of precipitate were observed after 1 day. This depicts 
the instability of MTT in DMSO and that the reaction of MTT with DMSO always gives 
Me2S + H2O + an uncharacterized product. 
 To better understand the product formed as well as the reaction mechanism of 
MTT with DMSO, the reaction of MTT with benzyl mercaptan was studied. MTT (1.5g, 
0.01m) was dissolved in benzene (30g) in a round bottom flask and benzyl mercaptan 
(2.48g, 0.02m) was added, after which the reaction mixture was stirred and refluxed for 
24 hours to ensure the completion of reaction. The anticipated product was bis-
benzylmercaptan-MTT, Figure 1.8: 
 
 
Figure 1.8 Structure of the expected product bis-benzylmercaptan-MTT 
  
After completion of the reaction, the product was filtered and air-dried. After 
filtration, the solvent used for the reaction, benzene, was found to be colorless indicating 
no presence of unreacted MTT. The product formed (2.36g) had a melting point of 153 
o
C and was found to be soluble in acetonitrile, ethanol and 1,4-dioxane; sparingly soluble 
in water and insoluble in DMSO, benzene, chloroform and acetone. The product was 
recrystallized in 1,4-dioxane and by means of X-ray crystallography, its structure was 




Figure 1.9 Structure of the actual product mono-benzylmercaptan-MTT 
 
 The results of this reaction can be extrapolated to assume that the product formed 
from the reaction of MTT with DMSO might be bis-MTT, Figure 1.10 with just one 
disulfide bond.   
 
Figure 1.10 The 3 possible structures of bis-MTT 
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 By means of the solid-state NMR spectra, Figure 1.11, it was indicative that the 
product of MTT with DMSO may be an impure mixture of all of the 3 tautomeric forms 







































A part of the product of the MTT-DMSO reaction was recrystallized in 1,4-
dioxane and a yield of 78% was reported for the pure product, based on the starting 
material MTT. By means of X-ray crystallography, Figure 1.12, this uncharacterized 
product was established as the dithione form of bis-MTT, which was consistent with the 




Figure 1.12 X-ray crystal structure of bis-MTT 
It was noted that the 
1
H NMR for MTT in acetone-d6 was not observed at 400 
MHz and 25 
o
C. However, at higher magnetic field of 500 MHz at 25 
o
C, the spectra 
showed 3 peaks, 2 of which are the same as that found in DMSO at 25 
o
C and another 
one around 8-9 ppm which seems to be a median of the 2 peaks, Figure 1.13. This 
median broad peak indicates two labile hydrogen atoms which might be exchanging very 
rapidly. To study the effect of disulfide bond formation of MTT with DMSO, 1:1 mole 
amount of DMSO-d6 (10.5 uL) was added to MTT (19 mg) in acetone-d6 (1 ml) and the 
1
H NMR spectra now showed only 1 median peak around 8-9 ppm, Figure 1.14-1.17. To 
see the effect of increased MTT to the solution of 19 mg MTT in 1ml d6-acetone + 10.5ul 
DMSO-d6, an additional 24 mg of MTT, and it appeared not soluble anymore.  This 
agrees with the Table 1 data, that MTT was only sparingly soluble in acetone, 20 mg/ml 
is about the maximum.  Then 0.5ml DMSO-d6 was added to the solution and the 
insoluble MTT immediately dissolved. The 
1
H NMR for the same showed two broad 


























































































































































































































































The S-H protons usually come at 1-2 ppm while the N-H protons come at about 9 
ppm.  In the proton spectrum of MTT in DMSO at 25 
o
C, a N-H peak at 15ppm was 
observed which is typically a hydrogen bonded N-H (with water or DMSO). The free 
water in DMSO usually comes at 3.3 ppm which was observed as the 2
nd
 peak at 25 
o
C.  
The heating breaks the hydrogen bond and allows the N-H to exchange with the free 
water, therefore, two broad peaks were observed to be moving towards each other in the 
Varied Temperature NMR experiments.  S-H only forms weak hydrogen bonds and at 25 
o
C, the S-H was already exchanging with free water so no peak for the S-H was observed 
in the proton spectrum of MTT in DMSO at 25 
o
C. At 120 
o
C, only one broad peak at 3.7 
ppm was observed because the protons were exchanging so fast now, that they all appear 
in the averaged position. This averaged position depends on how much the free water was 
present, plus the S-H at lower chemical shift, and also on how much the N-H protons 
were at higher shift.  Note that the 15 ppm was not the true shift for N-H because of the 
hydrogen bonding.  The true shift was near 9 ppm.  Since there might be more free water 
in the system, the weighted average was at 3.7 ppm.  Since “100% atom D type DMSO” 
was not used in the sample preparation for recording the NMR spectra, it was inferred 
that there could be either water in the solvent or hydrogen transfer between two MTT 
molecules which would explain the peak broadening in the NMR spectras. No water peak 
was observed in the proton spectrum of just the DMSO solvent. However, it would be 
interesting to observe the behavior of dry-MTT in 100% D-atom DMSO.  
Dry MTT (9 mg) was dissolved in 0.6 ml 100% D-atom DMSO and transferred in 
a dry, nitrogen purged NMR tube after which proton spectrum was recorded, Figure 1.18. 
Only one broad peak spanning from 3-12 ppm was observed. On increasing the 
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concentration 46 mg of MTT in 0.6 ml of 100% D-atom DMSO, two distinct humps were 
observed, one around 3 and another around 13 ppm, Figure 1.19.  These results indicate a 
possible proton transfer in the system such that the peaks observed are at the weighted 
average positions of the real 2 shifts. This corroborates our findings from the Varied 
Temperature NMR experiments. Figure 1.20 shows the comparison spectras. 
Due to the rapid proton exchange process on the two different 
13
Cs, the signals are 
just too broad to be seen. Therefore, it was proposed to add chromium acac [Cr(acac)] to 
the solution of MTT in DMSO to mask the effect of the prolonged relaxation time, to 
observe the 
13
C NMR. With Cr(acac), the relaxation time was enhanced.  Thus, 45 mg of 
MTT was dissolved in 0.6 ml 100% D-atom DMSO and 1.5 mg of Cr(acac) was added 




H NMR of MTT showed 2 
broad peaks, as expected, Figure 1.21 while the 
13
C NMR also depicted 2 peaks with the 
help of rapid scanning and pulse sequencing, Figure 1.22. When pulsing rapidly, the 
baseline was rolling so the “aring2” sequence is used to get rid of the rolling.  Now the 
broad 
13
C peaks (linewidth over 2000 Hz) are pulled out of the baseline. The 2 peaks 
observed were at 158.5 ppm and 188.5 ppm, reinstating the structure of MTT in DMSO 
in the thiol-thione form where one of the hydrogen was on the sulfur and another, on the 


















































































































































































































































































































































Since the proton spectrum of MTT was only observable in DMSO, in another set 
of experiments, to provide evidence for a possible ligation between MTT and DMSO, it 
was proposed to observe the hydrogen peaks of DMSO without MTT and in presence of 
MTT, in ethanol-d6. It be noted that the proton spectrum of MTT did not show any peaks 
in ethanol-d6. A 1 ml sample of DMSO (13 mg, 0.000167 m) with 2 ml ethanol-d6 was 
taken in an NMR tube for analysis. The proton spectrum depicted a single peak for 
DMSO at 2.6 ppm, Figure 1.24 and integrating the peak with reference to the ethanol-
hydrogen gave an integral value of 0.04, Figure 1.26. In another NMR tube, a 1 ml 
sample of 1:1 equimolar amount of MTT (25 mg, 0.000167 m) and DMSO (13 mg, 
0.000167 m) was taken with 2 ml ethanol-d6. The proton spectra for this sample showed 
that the DMSO peak at 2.6 ppm had shrunk in half and a new peak at 2.0 ppm was 
observed, Figure 1.25. On integrating the peaks, Figure 1.27, it was evident that even 
though equimolar amounts of MTT and DMSO were added to ethanol, 2 molecules of 
MTT were associating to 1 molecule of DMSO as the DMSO peak shrunk half in size. 
This corroborates with the proposed reaction mechanism for the formation of bis-MTT as 
the final product, as depicted in Figure 1.32. Whether the ligation is due to the S-S 
interaction or related to the proton transfer facilitated by oxygen of DMSO is still unclear 




















































































































































































































































































C NMR were recorded in Unisol, as 
seen in Figure 1.28 and Figure 1.29.  
From all of the above results, it can be concluded that either rapid hydrogen 
exchange is happening or there is a pre-equilibrium product involving the MTT-DMSO 
adduct.  If the condition is such that it allows the slowing down of the exchange we can 
observe two set of signals.  One such condition is hydrogen bonding of the nitrogen or 
the sulfur.  Hydrogen bonding occurs when there is water in the solvent or in solvent 
DMSO.  Since the NMR solvents have only a small amount of water we can only see two 
1
H peaks for MTT in the solvent (less than 20 mg).  In acetone-d6 (Figure 1.13) there are 
three peaks- the two sharp ones due to N-H and S-H and the broad one in the middle is 
weighted average peak due to the exchange.  The N-H and S-H protons are not in their 
usual chemical shift positions, perhaps because they are hydrogen-bonded not with water 
but with acetone (enol form of acetone; acetone is known to undergo keto-enol 
conversion).  Another condition to slow down the proton exchange is cooling, but it is not 
easy to do especially for DMSO which has such a high freezing point. 
  DMSO solvent is unique because it assists hydrogen transfer (Figure 1.30, Figure 
1.31) and reacts with MTT to form bis-MTT (Figure 1.32). If the relative energies of 
Intermediates 1 & 2 (Figure 1.32) are comparable, then equilibrium can exist such that 
both of those intermediates could be interchangeably formed, possibly leading to peak 
broadening as observed by 
1
H NMRs. So it is difficult to observe two sharp peaks. 
Whether we can see two peaks in 
1
H NMR depends on the concentration of MTT and 
dryness of DMSO.  
1H NMR of 9mg in “100%D” DMSO (Figure 1.18) showed only one 
broad peak indicating both N-H and S-H are involved in the hydrogen transfer assisted by 
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DMSO.  After adding more MTT to 46mg there are two broad peaks observed.  However, 
when there is a little water (VT-NMR study) or concentrated MTT solution with Cr(acac) 
present, we see two broad peaks. 
Further research should shed more light on whether the proposed phenomena of 
proton/hydrogen transfer, Figure 1.30 (less likely, higher energy pathway) or Figure 
1.31, as well as the proposed disulfide bond formation, Figure 1.32, both of which lead to 
the final product of bis-MTT, are occurring in the MTT-DMSO system. If proven that the 
proton/hydrogen transfer was indeed occurring, the MTT-DMSO system can have 
significant applications in various fields. Ab-initio calculations of the energetics of the 
various tautomeric forms of MTT in DMSO are suggested to support the findings.  
 
Figure 1.30 Proposed mechanism-1 for the proton/hydrogen transfer phenomena 
occurring in the MTT-DMSO system 
               
Figure 1.31 Proposed mechanism-2 for the proton/hydrogen transfer phenomena 





Figure 1.32 Proposed mechanism for the disulfide bond formation occurring in the MTT-
DMSO system 
 
1.3.2  Active Corrosion Inhibition Studies. As a result of upcoming regulations 
on use of chromate based inhibitors, researchers put great efforts in order to develop 
environmental-friendly as well as more efficient corrosion inhibitors.
[17]
 Organic 
inhibitors having the ability to chelate are considered to be a good approach and can 
provide protection against corrosion if they are designed to have certain functional groups 
which can attach to the metal substrate and a certain solubility parameter.
[18]
 The ability 
of such designed molecules to move and reach the defected area and adsorb on the 
surface play an important role in the corrosion protection mechanism.
[19]
 Thiadiazole 
derivatives consist of atoms that have lone pair electrons that help them to form 
coordinate bonds with the metal surface and can be designed to have low solubility. A 
series of thiadiazole derivatives can be synthesized with variable solubility parameters by 
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varying the length of the alkyl chain. These developed corrosion inhibitors may possess 
unique corrosion resistance. Their efficiency in coatings on bare steel and stainless steel 
can be evaluated by using electrochemical methods like EIS and salt spray test ASTM B-
117.
[20]
 Research studies for evaluating the active corrosion inhibition abilities of various 
derivatives of MTT are underway by fellow researchers, Yousef Dawib and Dr. Aysel 
Buyuksagis under the guidance of Dr. Michael R. Van De Mark. 
 
1.3.2.1 Electrochemical impedance spectroscopy (EIS). This spectroscopic 
technique by which the active corrosion inhibition ability of MTT derivatives is to be 
tested, involves the measurement of alternating current impedance and its real and 
imaginary components Z’ and Z’’ of an electrochemical cell.[21] A sine-wave perturbation 
of small amplitude is employed on the electrode/solution interface. By plotting the data in 
Nyquist and Bode plot, one can obtain kinetic and mechanistic information that can be 
interpreted to calculate the coating resistance and coating capacitance.
[22]
 Finally, the 
corrosion inhibitor efficiency can be easily calculated in view of the following formula: 
 





 is the polarization resistance without corrosion inhibitor 





1.4  COLLOIDAL UNIMOLECULAR POLYMERS (CUPs) 
 
Nanotechnology is the buzz word in science and the coatings industry today 
which is evident from the number of nanomaterial-related research publications, patents 
and the nanomaterial companies that have appeared in recent years. In every major field 
today, be it industry or academia, nano-projects not only receive a great deal of attention 
but also a significant portion of the resources available. The promise of this technology to 
deliver breakthrough coating performance in such areas as, scratch resistance, hardness, 
barrier properties, mechanical properties, etc. is the main reason for this high level of 
interest. Promoters of nanotechnology have done a great job of selling the idea that 
“smaller is better”.[23] 
The concept of nano is not entirely new to coating scientists and formulators as it 
has been known for decades that small particle size latexes are excellent film formers and 
provide excellent pigment binding ability in architectural paints.
[24,25]
 This led to a boom 
in the introduction of nano-materials (100 nm or smaller) in the coatings industry. In 
early 21
st
 century, a european luxury car manufacturer announced the use of 
nanoparticles in a clear-coat application, claiming to be the world’s first water-based 
commercial automotive clear-coat that incorporates nanoparticles to achieve performance 
enhancements.
[26]
 The particles are described as less than 20nm and the coating is cross-
linked at 140 
o
C. The new coating system was claimed to have 40 % better gloss 
retention compared to conventional clear-coats after numerous car wash tests. This 
performance was in reference to PPG industries announcement about the introduction of 
nanoparticles-based automotive clear-coats with the trade name “CeramiClear”.[27] 
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Another example of nanoparticles is polyurethane dispersions which have been 
commonly used in coatings.
[28]
 Although early work on applications of nanomaterials in 
coating has been spasmodic, there are many coatings scientists, formulators and 
researchers around the world today who are investigating different aspects of nano-
dispersions in coatings. As a result, the conditions are mature enough for breakthroughs 
in this area over the next several years.  
 
1.4.1  Free Radical Polymerization. The radical polymerization of acrylic 
monomers has been well investigated. Free radical polymerization
[29,30,31,32,33]
 is a chain 
reaction in which the polymer is formed by the successive addition to the radical of vinyl-
type building blocks. It involves three fundamental steps:  
 
1. Initiation: The reaction of monomers may occur by the absorption of heat 
and/or light but often, an initiator is added to facilitate this process. The 
initiator (I) is a weak organic compound which can be decomposed thermally 
or photo-chemically to produce free radicals (R*). These radicals combine 
with monomers to form monomer radicals (M-R*) which can now react with 
other monomers to initiate the growth of polymeric chains.  
 
                                                                                                                 (1.4.1a)                                                                              
 
 
2. Propagation: During propagation, monomers are added in rapid succession to 





R + M R M
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end of the growing polymer chain. This continues until the chain is terminated 
or transferred.  
 
                                                                                                                                   (1.4.1b) 
3. Termination: Chain transfer agents are often used in this last step of a radical 
polymerization which can occur either by combination or disproportionation. 
In combination type of termination, two polymer chain radicals react/combine 
with each other and they annul the propagation step, giving the dead polymer 
(polymeric chain growth has ceased) as the end product. In disproportionation 
type of termination, the polymer chain radical reacts/combines with an 
initiator radical and yields a polymer as the final product. 
                           




1.4.2  Acrylic CUPs. The term Colloidal Unimolecular Polymer
[34]
 (CUP) is 
introduced to describe a solid spherical single molecule polymer chain suspended in the 
continuous aqueous phase. CUPs contain a hydrophobic backbone and hydrophilic 
groups such as carboxylic acid salts. The polymers are synthesized by free radical 
polymerization and CUPs are formed by the water reduction process with subsequent 
removal of a volatile water loving solvent to yield a VOC free system.  The nano-scale 
size of CUPs allows them to be thermodynamically stable in water due to the Brownian 
ki







motion of the water molecules around them.
[35]
 The acrylic CUP resins prepared from 
high molecular weight polymers will give good lacquer performance while those of low 
molecular weight will give poor lacquer performance without a crosslinker. To evaluate 
and test the coating performance enhancements offered by crosslinkers to polymeric 
films, aziridine and melamine were used for the acrylic CUP resins. 
  
 
1.4.3 Aziridine. The adverse effect on the environment and increasing costs of 
petrochemicals has led to the recent advances in the field of waterborne coatings 
technology.
[36]
 Waterborne acrylics, urethanes, epoxy resins have provided formulations 
which are low in VOC, environmentally safe and user friendly. But these coatings still 
fall behind their solvent-borne counterparts in terms of chemical, corrosion and wear 
resistance and generally are low in gloss. Formulations based on two pack crosslinking 
coating systems provide a way of improving some of these drawbacks. Crosslinkers 
based on aziridine, which are three-membered organic heterocycles with a nitrogen atom 
in the ring are one such type of resins which greatly improve the coating properties.
[37]
 
Figure 1.33 depicts the general structure of the Aziridine functional group. 
 
                                                  
Figure 1.33 Aziridine functional group 
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Aziridines are most commonly used in coatings systems based on carboxylated 
acrylics, carboxylated urethanes and vinyl acrylic. Polyfunctional aziridines greatly 
improve the moisture resistance, alkali resistance, ultraviolet light stability, gloss and 
adhesion of the final crosslinked coating.
[38]
 The mechanism of crosslinking is the ring 
opening of aziridine through the reaction of carboxylic acid group on the acrylic resin 
with the aziridine to form an aminoester. Multifunctional aziridine can react through 
more than one site and give a crosslinked coating.
[39]
 To effective crosslink the acrylic 
CUPs, a trifunctional aziridine CX-100 [trimethylolpropane tris(2-methyl-1-
aziridinepropionate] from DSM NeoResins Inc. can be used to enhance the coating 
performance of CUPs.  
 
 
1.4.4 Melamine. Melamine, which is an organic base and a trimer of 
cyanamide, is one of the most widely used crosslinkers for baked coating systems. The 
reaction of melamine with aldehydes, carboxylic acids or alcohols yields thermosetting 
polymers: melamine-formaldehyde type (MF) resins which have various applications as 
fabrics, dinnerware, glues, foams, counter tops, etc.
[40,41]
 Resin systems with reactive 
functional groups such as hydroxyl, carboxylic acid and urethane can react with MF 
resins to give crosslinked products.
[42]
 Figure 1.34 depicts the general structure of the 





      Figure 1.34 Generalized structure of melamine-type crosslinker 
                   
The melamine used in the research study to crosslink acrylic CUPs was Cymel 
373 from Cytec Industries Inc.: a methylated melamine formaldehyde with a medium 
degree of alkylation, medium to high methylol content and low imino functionality. 
Cymel 373 resin was soluble in water and was compatible with the acrylic CUPs. The 
acid functionality on the acrylic CUPs was sufficiently acidic to catalyze the curing 
reaction at a relatively low curing temperature. But usually sulfonic acid catalysts are 
added to the formulation to improve the curing characteristics.
[43]
 The mechanism of 
crosslinking of Cymel 373 with the carboxylated acrylic CUPs involves the esterification 
or etherification of the methylated group by the acid functionality present on the acrylic 
polymer backbone.
[44]
 The performance enhancements of melamine crosslinked CUPs are 
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Flash rusting is an objectionable property of waterborne coatings. Designing a 
flash rust inhibitor which forms a tight chelated complex with the metal substrate, thereby 




Waterborne coatings on ferrous substrates usually show flash rusting which 
decreases the adhesion of the coating and the corrosion products can form a stain. 
Conventional flash rust inhibitors show system dependency and their effectiveness varies 
with the type of pigment, extender or the resin used and henceforth have to be used in 
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excess. Nitrites, commonly used as flash rust inhibitors leach out over a period of time 
and can cause blistering
1
. This study investigates chelating compounds as potential flash 
rust inhibitors.  Compounds being evaluated include amine alcohols, diamines and sulfur 
containing amines.  A new corrosion inhibitor 2,5-(S-acetic acid)-dimercapto-1,3,4-
thiadiazole (H2ADTZ) was synthesized. The performance characteristics of this new-





All panels were coated with a wire-wound bar # 40 and exposed to either Test 
Condition A or Test Condition B and allowed to dry for 24 hours before making any 
measurements.  The cold rolled matt finished steel panels were Q-Panel R-46 and the 
aluminum panels were A-46 mill finish, also from Q-Panel. 
 
3.1 Test Condition A - for evaluation of flash rust inhibition by amines and amine 
alcohols 
Coated steel panels of paints with the amine and amine alcohol inhibitors were 
placed directly into the highly regulated constant humidity/temperature cabinet for 2 
hours at 95 ± 3 % R.H. and 30 
o
C. The samples were then removed and allowed to dry for 
48 hours at 23 
o
C and 65 ± 3 % R.H. to ensure a consistent extent of drying. The relative 
humidity was controlled during the drying period by use of an enclosure measuring 
5’x6’x10’ containing both a humidifier and a source of dry air. The flow rate of the dry 




3.2 Test Condition B – for evaluation of flash rust inhibition by H2ADTZ, Sodium 
Nitrite, N,N-dimethyl-1,3-propanediamine and 2-Amino-2-methylethanol 
Coated steel panels of paints with H2ADTZ, sodium nitrite, N,N-dimethyl-1,3-
propanediamine and 2-amino-2-methylethanol were placed directly on a tray in the 
constant humidity chamber at 95% relative humidity at 30 
o
C for 30 minutes and then 
removed and allowed to dry at 40-50% relative humidity at 22 
o
C for 24 hours.  
 
3.3 Spectrophotometric measurement for flash rust and stain determination 
Measurements were made using nine readings per panel with a 1cm diameter 
window using a Minolta 2002 or a Byk Color-guide color computer.  All evaluations are 
based upon 3 panels being tested per formulated coating to minimize error due to 
application or surface condition variation. Also, for the spectrophotometric method to be 
accurate, complete hide by the coating is necessary. The Hunter Whiteness Index was 
measured for the samples to determine the extent of flash rusting.  
 
3.4 Extent of flash rusting calculation  
The percentage of flash rusting reported was obtained from the following 
equation: 
% Flash Rusting = [(Standard – Sample) / (Standard – Blank)] * 100 
 
where the values for the standard, sample and the blank were the Hunter Whiteness Index 
values measured spectrophotometrically for the respective panels. The blank was defined 
as a steel panel coated with the paint of same thickness containing no inhibitor and 
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exposed to the same drying condition. The standard was the paint applied the same as the 
blank except to an Aluminum panel. 
 
3.5 Adhesion 
The adhesion of the coatings was evaluated using ASTM cross hatch method # 
D3359-08
3
. For each panel tested, three adhesion test areas were measured. All adhesion 
numbers reported were based on the average value of the three numbers.  
 
3.6 Atomic absorption measurement 
The coating was removed from a 4.5 cm x 8 cm (1.77 inch x 3.15 inch) area of the 
panels with methylene chloride. It was collected in a crucible and ashed at 500 
o
C. The 
ashed sample was digested with 10 ml of 50 wt% nitric acid atleast 3 times until the 
solution color did not change and finally with 6 ml 50 wt% of hydrochloric acid. The 
sample was diluted with de-ionized water, filtered and brought to a volume of 100 ml. 
Further dilution with water was made as needed before the iron concentration 
measurement was determined by atomic absorption on a Perkin Elmer AA Model 2380 
spectrometer. 
 




Scheme 1. Synthesis of H2ADTZ from DMTD 
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To a stirred aqueous solution of chloroacetic acid (94.5 g, 1 mol) and sodium 
carbonate (53 g, 0.5 mol), 2,5-dimercapto-1,3,4-thiadiazole (75 g, 0.5 mol) was added. 
The reaction mixture was stirred and refluxed for 3 hours, then it was cooled and filtered. 
Ethanol was added to the reaction mixture, yielding a white precipitate. The product 2,5-
(S-acetic acid)-dimercapto-1,3,4-thiadiazole (H2ADTZ) was then washed with ethanol 
and dried under vacuum. The yield was 120.3 g (90.5%). The melting point of the 












4. RESULTS AND DISCUSSION 
 
4.1 Evaluation of the performance characteristics of chelating compounds as flash rust 
inhibitors 
The evaluation of various chelating amines and amine alcohols as flash rust 
inhibitors was done using spectrophotometric and atomic absorption methods
2
. The 
Hunter Whiteness Index was measured for the samples to determine the extent of flash 
rusting which is represented by the % Staining while the Atomic Absorption Method was 
used to measure the actual amount of corrosion which is represented by the % Rust. All 
chelating amines and amine alcohol inhibitors were post added into a paint made with 
Paint Formula I at 1 w/w%.  
As seen from Table I, since all the inhibitors showed the formation of % Rust less 
than the control, it can be inferred that all of the above inhibitors formed complexes with 
the metal substrate. The presence of the methyl group of 1,2-propanediamine increased 
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the mobility of the chelated complexes of corrosion products in the coated film and 
caused more flash rusting and staining. The same argument applies for 
triethylenetetraamine, multiple ligating sites were not found to be effective in inhibiting 
flash rusting. The presence of two methyl groups on the nitrogen of N,N-dimethyl-1,3-
propanediamine and the bridge formed by the chelation of 2-
methylpentamethylenediamine with the metal substrate helped form an effective 
hydrophobic layer at the surface which reduced the corrosion rate. 1,2-ethanediamine and 
2-methylpentamethylenediamine showed no visible sign of rust or stain spotting and 
would therefore qualify as a good inhibitor by the ASTM D610-08 method, which is a 
subjective and operator dependent method. Yet, 1,2-ethanediamine had a higher stain 
value as measured by Hunter Whiteness and caused the paint to be slightly yellow 
compared to the original, which is unaccounted by the ASTM method. N,N-Dimethyl-
1,3-propanediamine also exhibited no sign of spotting or staining. Triethylenetetraamine 
performed the worst in the series for inhibition. Thus, triethylenetetraamine and 1,2-
propanediamine were not able to prohibit the migration of the corrosion products to the 
surface of the coating which would appear as a stain. Since corrosion is a function of pH, 
as the pH increases, the rate of corrosion decreases. The inhibition capability by the 
above inhibitors was partly the effect of the pH and also the formation of chelating 
complexes on the metal substrate. Above pH 9.5, the paint is corrosive to the skin. 
Therefore, any paint with the above inhibitors at this level will have an unacceptable pH 












1,2-ethanediamine 10.6 4.5 4.4 28.8 
1,2-propanediamine 10.4 3.0 34.0 282.4 
N,N-dimethyl-1,3-
propanediamine 
10.6 4.0 0.7 8.4 
2-methylpentamethylenediamine 10.9 4.0 0.8 6.4 
Triethylenetetraamine 10.3 3.0 62.6 391.5 
 
 
4.2 Amine alcohols – 
The first series of amine alcohols studied were ethanolamine, diethanolamine and 
triethanolamine.  As seen from the Table II, ethanolamine exhibited inhibition potential 
equivalent to 1,2-ethanediamine in preventing staining. In rust inhibition however, 
ethanolamine performed poorer than 1,2-ethanediamine. As the substitution on the 
nitrogen increased, the rust and the staining inhibition decreased. This might be partly 
because the more substituted amines form more soluble chelating complexes which 
migrate in the coated film to form a stain. Diethanolamine and triethanolamine inhibited 
some flash rust formation but caused significantly more staining than the blank.  Since 
ethylene glycol and other simple primary alcohols do not inhibit flash rusting, it is likely 










% Rust % Staining 
Ethanolamine 10.4 4.0 8.5 27.9 
Diethanolamine 9.8 4.5 14.6 130.9 
Triethanolamine 9.1 3.0 67.9 233.1 
 
The second series of amine alcohols investigated was the derivatives of amine 
propanol.  As seen from the Table III, 2-Methylaminoethanol, which is a secondary 
amine, had the best rust and staining inhibition properties. 3-Aminopropanol, which 
would form a 5-membered bridged complex with the metal substrate, had as good a 
potential in inhibiting rust as 2-Methylaminoethanol, but had slightly less potential in 
inhibiting staining. Compared to the other two inhibitors in the series, 1-Amino-2-
propanol had the least inhibiting properties.  Overall, these compounds were good rust 
and staining inhibitors. The pH of these amine alcohols was strongly basic similar to the 
diamine compounds, which might be partly responsible for the inhibitory characteristic. 
The inhibition results were however, better than mono- and diamine.   Unlike the 
ethanolamine series, these compounds were more hydrophobic as a complex due to the 













% Rust % Staining 
3-Aminopropanol 10.6 3.5 1.5 4.8 
1-Amino-2-propanol 10.3 4.0 5.0 4.6 
2-Methylaminoethanol 10.6 4.0 1.4 -2.6 
 
The third series of amine alcohols investigated was the addition of substituents 
onto the nitrogen and carbon adjacent to the amine: 2-amino-2methyl-propanol, N,N-
diethylethanolamine and N-methyldiethanolamine.  As seen from the Table IV, the 
addition of two methyl groups to ethanolamine on the carbon adjacent to the nitrogen 
decreased the staining and corrosion by a factor of two.  The addition of a methyl on the 
nitrogen of diethanolamine again decreased corrosion but increased staining.   It should 
be noted that the pH of these systems is dependent on the molecular weight of the 
inhibitor and the number of amine groups.  Since corrosion is pH dependent, it will have 
an effect on both the amount of corrosion and potentially on the amount of stain. The 
adhesion of the coatings containing all of these inhibitors was very good regardless of the 
amount of rust or staining produced.  
 




% Rust % Staining 
2-Amino-2methyl-propanol 10.2 4.0 3.3 12.9 
N,N-diethylethanolamine 10.1 4.0 4.9 44.6 




4.3 H2ADTZ –  
The inhibitors that performed well in the series of chelating amines and amine 
alcohols were evaluated against H2ADTZ for their inhibitory capabilities using the 
spectrophotometric method. The inhibitory properties of sodium nitrite, commonly used 
as a flash rust inhibitor in waterborne coating systems, were also evaluated. The Hunter 
Whiteness Index was measured for the samples to determine the extent of flash rusting 
and reported as % Flash Rust Stain. The inhibitors were post added into paints made with 
Paint Formula II and Paint Formula III and were modified to a constant pH of 8.2 using 
glacial acetic acid and ammonium hydroxide. This pH modification was done to help 
level the effect of pH on corrosion rate, however, it does increase the electrolyte 
concentration which will also have an effect on corrosion rate.  The pH of 8.2 was 
selected to emulate common architectural paints. 
As seen from the Table 5, N,N-dimethyl-1,3-propanediamine and 2-
Methylaminoethanol were found to be effective at 1.4 % w/w concentration. The high 
level required here may be the result of the increased electrolyte effect. Sodium nitrite 
was reasonably effective at a low level but less effective at increased concentrations. This 
again can be explained by the fact that sodium nitrite, being a salt, acts like an electrolyte. 
H2ADTZ was found to inhibit flash rusting even at 0.05 % w/w in Paint Formula III. For 







Table 5. Effectiveness of various flash rust inhibitors as compared to H2ADTZ  – 

















      
Sodium Nitrite 0.1 91.47 18.83 91.84 18.02 
 0.3 91.09 19.67 91.31 19.19 
 0.6 90.92 20.05 88.88 24.55 
      
N,N-dimethyl-1,3-
propanediamine 
0.5 54.61 100.22 69.36 67.65 
 0.8 79.64 44.95 91.10 19.66 
 1.4 91.06 19.74 92.27 17.07 
      
2-Methylaminoethanol 0.5 91.69 18.35 91.3 19.21 
 0.8 91.98 17.71 92.33 16.94 
 1.4 90.65 20.65 92.94 15.58 
      
H2ADTZ 0.05 67.58 71.58 92.84 15.81 
 0.1 71.47 62.99 93.15 15.12 





To be an effective flash rust inhibitor in water-borne coating systems, the 
inhibitor must prevent the electro-chemical reactions occurring on the metal substrate and 
stop the migration of the corrosion products to the surface of the film to prevent staining. 
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For all the amine alcohol compounds studied, corrosion product formation and staining 
inhibition in the latex paints was dependent on the both the chelating groups as well as 
the aliphatic characteristics of the ligating compound.  The presence of groups which 
increased the metal complex solubility increased staining.  This study indicates a general 
direction to begin synthesis of new inhibitors.  The use of amines results in an increased 
pH which was problematic.  Nitrites have limits due to their water solubility and potential 
to cause blisters.  The use of sulfur containing ligating groups shows potential as 
effective flash rust inhibitors. Further research should yield improved cost effective 
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Figure 1. Flash rusting and staining patterns developed on paint films on steel panel 










8. SUPPORTING INFORMATION 
 
Table S.1 Paint Formulation-I 
 
Materials Lbs Gal 
Natrosol 250 HBR
a
 0.5 0.05 
Propylene Glycol 28.81 3.33 
Water 212.5 25.51 
Triton CF-10
b
 5.8 0.65 
Foamaster AP
c
 2.22 0.29 
ND2-Polywet
d
 7.39 0.81 
TiPure R-900
e
 401.27 12.05 




 14.11 1.79 
Foamaster AP
c
 1.58 0.21 
Ucar 1018
g
 470.86 55.32 










Table S.2 Paint Formulation-II 
 
Materials Lbs Gal 
Natrosol 250 HBR
a
 1.5 0.25 
Propylene Glycol 13.02 1.5 
Water 171.3 20.55 
Tamol 850h 1.981 0.2 
Triton CF-10
b
 3.154 3.5 
Foamaster AP
c
 1.912 0.25 
TiPure R-902
e
 258.7 7.38 
Atomite
j
 86.2 3.69 




 12.52 1.5 
Ucar 625
b
 449.4 51.65 
Water 114.2 13.7 
Total 1113.9 101.02 













Table S.3 Paint Formulation-III 
 
Materials Lbs Gal 
Natrosol 250 HBR
a
 1.5 0.25 
Propylene Glycol 26.04 3 
Water 226.5 27.2 
Tamol 850h 1.981 0.2 
Triton CF-10
b
 3.154 3.5 
Foamaster AP
c
 1.912 0.25 
TiPure R-902
e
 262.9 7.5 
Atomite
j
 140.2 6 




 12.52 1.5 
Neocar Acrylic 820
b
 315.4 36.67 
Water 150.83 18.1 





a. Aqualon Co. 
b. The Dow Chemical Co. 
c. Henkel Process Chemical, Inc. 
d. Uniroyal Chemicals. 
e. DuPont. 
f. Eastman Chemical Products, Inc. 
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The observed structure of 1,3,4-thiadiazolidine-2,5-dithione (also known as 2,5-
dimercapto-1,3,4-thiadiazole (DMTD or DMcT)) has been previously reported in three 
different tautomeric forms including –dithiol and –dithione. This report examines the 
relative stability of each form and also reports synthesis and characterization of the 
structures of mono- and dialkylated forms of 5-mercapto-1,3,4-thiadiazole-2(3H)-thione 
(abbreviated as MTT).  The methods of X-ray crystallography, NMR spectroscopy and 
ab-initio electronic structure calculations were combined to understand the reactivity and 
structure of each compound.  
 
3. INTRODUCTION 
1,3,4-Thiadiazolidine-2,5-dithione (CAS 1072-71-5) is also known as 2,5-
dimercapto-1,3,4-thiadiazole, DMTD or bismuththiol. Its derivatives find application as 
raw material for various organic syntheses, analytical reagents, fuel additives, lubricant 
additives, intermediates for other pharmaceutical compounds, chelating compounds for 
metals, and flash-rust and corrosion inhibitors in coatings.  
In our previous work of evaluating the corrosion inhibition performance of 2,5-
bis(thioaceticacid)-1,3,4-thiadiazole for its use as a potential flash-rust inhibitor and a 
corrosion inhibitor in coatings,
[1]
 the compound 5-mercapto-1,3,4-thiadiazole-2(3H)-
thione (MTT) was used as a starting material. The structure of MTT is often reported in 
the literature in its tautomeric –dithiol form or in the –dithione form. In fact it has been 
shown to have three tautomeric structures,
[2-4]
 with structure 1 being the most commonly 




               
 
 
Figure 1. Three tautomeric forms of MTT. 
 
An X-ray crystal structure of MTT was reported in 1976 consistent with structure 
2.
[5]
 Several recent reports refer to the structure of MTT as that of structure 3.
[6-8]
 In order 
to synthesize and evaluate the various mono- and di-substituted derivatives of MTT as 
potential anti-flash-rust and anti-corrosives for coatings, it was important to know and 
understand the substitution mechanism of this compound and its various derivatives as 
well as to determine the structures and their stability. This report addresses the structure 
and various substitution products of MTT by combining results of ab-initio electronic 
structure calculations, X-ray crystallography and nuclear magnetic resonance 
spectroscopy to validate and better understand the chemistry of MTT.  
 
4. RESULTS AND DISCUSSION 
 
MTT as well as the mono-alkylated structure can exist in various tautomeric forms 
and the di-alkylated structure can exist in three structurally isomeric forms.  The stability 
of each tautomer was evaluated through ab-initio electronic structure calculations.  These 
calculations are presented considering MTT first, followed by the alkylated derivatives.   
 
5-mercapto-1,3,4-thiadiazole-2(3H)-thione 
Structure 1 Structure 2 Structure 3 
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4.1 Structure of  5-mercapto-1,3,4-thiadiazole-2(3H)-thione [MTT] 
 
Table 1 lists the results of various levels of calculation for the three contending 
tautomeric forms of MTT.  Structure 2 is predicted to be the lowest energy structural 
isomer by all of the computational methods employed. The highest level explicitly-
correlated coupled-cluster (F12) calculations (see Table 1) with corrections for solvation 
in ethanol predict structures 1 and 3 to lie about 4.7 and 5.9 kcal/mol higher in energy, 
respectively. Finite temperature effects at 298 K were estimated and added to the energies 
using harmonic-oscillator rigid-rotor approximate free-energy corrections obtained from 
force-field analyses at the B3LYP/aug-cc-pVTZ and MP2/aug-cc-pVTZ levels. Energies 
for the explicitly correlated F12 methods were combined with thermal corrections from 
the MP2 calculations. A correction for solvation modeled (PCM) at the B3LYP/aug-cc-
pVTZ level (including geometric relaxation) was added to both the DFT and F12 results. 
The X-ray crystal structure determined in this study is shown in Figure 2. Our newly 





Table 1. Calculated relative energies (kcal/mol) for structures 1-3 including thermal 
corrections at 298 K, and the effects of solvation in ethanol [designated by (s)]. 
 
Method Structure 1 Structure 2 Structure 3 
B3LYP/6-31G(d)
a
 8.57 0.00 6.03 
B3LYP/AVTZ
a
 7.43 0.00 6.82 
B3LYP/AVTZ (s)
a
 8.52 0.00 2.77 
MP2/AVDZ
b
 4.48 0.00 9.51 
MP2/AVTZ
b
 4.04 0.00 10.08 
MP2-F12/VDZ-F12
b
 3.57 0.00 10.50 
CCSD(T)-F12a/VDZ-F12
b
 3.59 0.00 9.92 
CCSD(T)-F12b/VDZ-F12
b
 3.57 0.00 9.99 
CCSD(T)-F12a/VDZ-F12 (s)
b
 4.68 0.00 5.87 
 
All F12 calculations used structures optimized at the MP2/AVTZ level (see text).  (s) 
including implicit PCM solvation model for  ethanol. 
a
 Thermal corrections computed at 
B3LYP/AVTZ level. 
b
 Thermal corrections computed at MP2/AVTZ level. 
 
 
Figure 2. Thermal ellipsoids for MTT as observed through X-ray crystallography. 
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4.2 Mono-alkylation of MTT  
The mono-alkylation of MTT can produce four possible structures (4-7). 
Structures 4 and 5 derive from S-alkylation while structures 6 and 7 come from N-
alkylation. 
 
      Structure 4                 Structure 5                      Structure 6                 Structure 7 
 
Figure 3. Four possible mono-substituted products of MTT. 
 
The precursors to structures 4-7 are the anions which could exist as either 
structure 8 or 9. The highest-level ab-initio calculations for structures 8 and 9 predict that 
structure 8 is more stable by 7.37 kcal/mol (Table 2) and thus, the proton is lost from the 
sulfur and not the nitrogen during alkylation. 
                 
                            Structure 8                                                     Structure 9   
Figure 4. Two possible anionic forms of MTT. 
[R = Alkyl] 
[R = Alkyl] 
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Table 2. Calculated relative energies (kcal/mol) for anion structures 8 and 9 including 
thermal corrections at 298 K, and the effect of solvation in ethanol [designated by (s)]. 
Method Structure 8 Structure 9 
B3LYP/6-31G(d)
a
 0.00 15.50 
B3LYP/AVTZ
a
 0.00 13.68 
B3LYP/AVTZ (s)
a
 0.00 10.62 
MP2/AVDZ
b
 0.00 11.22 
MP2/AVTZ
b
 0.00 10.74 
MP2-F12/VDZ-F12
b
 0.00 10.25 
CCSD(T)-F12a/VDZ-F12
b
 0.00 10.44 
CCSD(T)-F12b/VDZ-F12
b
 0.00 10.44 
CCSD(T)-F12a/VDZ-F12 (s)
b
 0.00 7.37 
 
All F12 calculations used structures optimized at the MP2/AVTZ level (see text).  (s) 
including implicit PCM solvation model for  ethanol.
a
 Thermal corrections computed at 
B3LYP/AVTZ level.
b
 Thermal corrections computed at MP2/AVTZ level. 
 
                
                     Structure 10                                                         Structure 11   
Figure 5. The SN2 transition structures for two possible alkylation sites- at the sulfur 




SN2 reaction transition structures (TS) 10 and 11 were located corresponding to 
methylation of 8 at the S or N positions respectively, using chloromethane (rather than 
iodomethane which was used in the experiment, to reduce the number of electrons in the 
calculations) as the alkylating agent. Methylation at the S-position is strongly preferred 
with 10 predicted to be 6.21 kcal/mol lower in free energy than 11 for the highest level 
calculations (including the preferential solvation of 11).  
 
Table 3. Calculated relative energies (kcal/mol) for SN2 transition structures 10 and 11 
including thermal corrections at 298 K, and the effect of solvation in ethanol [designated 
by (s)]. 
Method TS (Structure 10) TS (Structure 11) 
B3LYP/AVTZ
a
 0.00 7.44 
B3LYP/AVTZ (s)
a
 0.00 5.77 
MP2/AVTZ
b
 0.00 7.21 
MP2-F12/VDZ-F12
b
 0.00 7.54 
CCSD(T)-F12a/VDZ-F12
b
 0.00 7.89 
CCSD(T)-F12b/VDZ-F12
b
 0.00 7.89 
CCSD(T)-F12a/VDZ-F12 (s)
b
 0.00 6.21 
 
All F12 calculations used structures optimized at the MP2/AVTZ level (see text).  (s) 
including implicit PCM solvation model for  ethanol. 
a
 Thermal corrections computed at 
B3LYP/AVTZ level. 
b





      Structure 12               Structure 13                   Structure 14             Structure 15 
Figure 6.  Four potential mono-alkylation structures 12 - 15. 
 
Table 4. Calculated relative energies (kcal/mol) for structures 12-15 including thermal 













 0.00 8.33 1.06 6.31 
B3LYP/AVTZ
a
 0.00 7.21 1.92 7.72 
B3LYP/AVTZ (s)
a
 0.00 8.58 2.72 4.39 
MP2/AVDZ
b
 1.56 5.77 0.00 9.23 
MP2/AVTZ
b
 0.02 3.83 0.00 9.60 
MP2-F12/VDZ-F12
b
 0.00 3.38 0.61 10.55 
CCSD(T)-F12a/VDZ-F12
b
 0.00 3.35 1.03 10.25 
CCSD(T)-F12b/VDZ-F12
b
 0.00 3.34 1.01 10.30 
CCSD(T)-F12a/VDZ-F12 (s)
b
 0.00 4.72 1.83 6.93 
 
All F12 calculations used structures optimized at the MP2/AVTZ level (see text).  (s) 
including implicit PCM solvation model for  ethanol.
a
 Thermal corrections computed at 
B3LYP/AVTZ level.
b




Methylation of 8 through TS 10 or 11 leads to product structures 12 and 15 
respectively, while methylation of disfavored anion 9 at the two positions would lead to 
structures 13 and 14. Table 4 compares the calculated energies of all four possible 
products. Structure 12 is predicted to be the most stable of all four of the methylated 
structures. Looking at the reaction scheme, structure 12 is strongly favored both 
kinetically and thermodynamically. The lower energy anion 8, reacts through the lower 
energy TS 10 to form the most stable product 12. Not surprisingly the product of the first 
methylation step was confirmed by X-ray crystallography (Figure 7) and 
13
C NMR 
spectroscopy to be structure 12. 
The T1-diagnostic is around 0.02 for all calculated structures supporting the 
reliability of single-reference methods to describe these systems.  Calculated 
13
C NMR 
shifts (relative to TMS) were obtained for structures 12 and 13 using the GIAO 
method
[20]
 with B3LYP and the 6-31G* basis set. Calculated shifts for the ring carbons 
are 159.6 and 186.0 ppm (structure 12) and 158.6 and 167.1 ppm (structure 13). The 
calculated values for structure 12 agree closely with experimentally recorded values of 
159.4 and 187.6 ppm. 
 
Figure 7. Thermal ellipsoids for Me-MTT as observed through X-ray crystallography. 
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4.3 Di-alkylation of MTT 
The di-alkylation of MTT was analogously investigated. From structure 12 
(mono-alkylated MTT), a second alkylation can occur at two possible alkylation sites- 
either at the sulfur (forming structure 16) or at the nitrogen (forming structure 17).  
      
                               Structure 16                                          Structure 17 
Figure 8. The transition structures for di-alkylation of MTT. 
 
Considering a second methylation step starting from 12 and again using 
chloromethane as the alkylating agent (to simplify the calculations), TS structures 16 and 
17 were located connecting 12 with product structures 19 and 20 respectively.  Table 5 
compares calculated energies for TSs 16 and 17.  Methylation at the S position appears to 
be kinetically favored as 16 is predicted to be lower in estimated free energy at 298 K 
than 17 for the B3LYP and CCSD(T)-F12 calculations. The differences in this case are 
only 1.0 and 0.6 kcal/mol (B3LYP and CCSD(T)-F12) while MP2 calculations actually 
favor 17. Preferential solvation of 16 contributes the most to the net difference of 1.62 
kcal/mol at the CCSD(T)-F12a (s) level. Given the smaller differences in barrier heights 
(than for the first methylation step) and the discrepancy with the MP2 results, additional 
DFT calculations were performed using iodomethane and the midix basis set. Including 
  
78 
solvation by ethanol and thermal corrections at 298 K, the difference in barrier heights 
increases to 3.48 kcal/mol, making methylation at the S position more strongly kinetically 
favored. Table 6 compares the energies of di-methylation structures 18 - 20.   
 
Table 5. Calculated relative energies (kcal/mol) for SN2 transition structures 16 and 17 
including thermal corrections at 298 K, and the effect of solvation in ethanol [where 
designated by (s)]. 
 
Method TS (Structure 16) TS (Structure 17) 
B3LYP/AVTZ
a
 0.00 1.04 
B3LYP/AVTZ (s)
a
 0.00 2.02 
MP2/AVTZ
b
 0.79 0.00 
MP2-F12/VDZ-F12
b
 0.40 0.00 
CCSD(T)-F12a/VDZ-F12
b
 0.00 0.64 
CCSD(T)-F12b/VDZ-F12
b
 0.00 0.61 
CCSD(T)-F12a/VDZ-F12 (s)
b
 0.00 1.62 
B3LYP/midix (s) iodo
c
 0.00 3.48 
 
All F12 calculations used structures optimized at the MP2/AVTZ level (see text).  (s) 
including implicit PCM solvation model for  ethanol.
a
 Thermal corrections computed at 
B3LYP/AVTZ level.
b
 Thermal corrections computed at MP2/AVTZ level. DFT 
calculation using iodomethane (see text). 





         Structure 18                            Structure 19                             Structure 20 
  
Figure 9. Three possible structures of the di-substituted product of MTT. 
Table 6. Calculated relative energies (kcal/mol) for structures 18, 19 and 20 including 
thermal corrections at 298 K, and the effect of solvation in ethanol [designated by (s)]. 
Method Structure 18 Structure 19 Structure 20 
B3LYP/6-31G(d)
a
 8.89 7.89 0.00 
B3LYP/AVTZ
a
 10.34 5.89 0.00 
B3LYP/AVTZ (s)
a
 7.09 6.76 0.00 
MP2/AVDZ
b
 9.42 6.43 0.00 
MP2/AVTZ
b
 11.23 4.45 0.00 
MP2-F12/VDZ-F12
b
 12.16 3.40 0.00 
CCSD(T)-F12a/VDZ-F12
b
 11.75 2.93 0.00 
CCSD(T)-F12b/VDZ-F12
b
 11.82 2.93 0.00 
CCSD(T)-F12a/VDZ-F12 (s)
b
 8.50 3.81 0.00 
 
All F12 calculations used structures optimized at the MP2/AVTZ level (see text).  (s) 
including implicit PCM solvation model for  ethanol. 
a
 Thermal corrections computed at 
B3LYP/AVTZ level. 
b
 Thermal corrections computed at MP2/AVTZ level. 
 
[R, R' = Alkyl] 
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TSs 16 and 17 connect 12 with 19 and 20 respectively while 18 is included for 
comparison. Structure 19 is predicted to be significantly less stable (~3.8 kcal/mol) than 
20 yet has been confirmed through X-ray crystallography as the only detectable product 
structure. The highest level calculations reported here are expected to be quite reliable 
especially for estimating the relative energies of product structures. The best calculations 
using chloromethane do predict 19 as the kinetically favored product and DFT 
calculations for iodomethane favor it even more. The barrier for methyl transfer 
converting 19 into 20 was computed (at the B3LYP/AVTZ level) to be 55.5 kcal/mol 
which supports the idea that once 19 is formed it will not easily convert to the more 
stable 20.  
Since 2,5-bis(methylthio)-1,3,4-thidiazole-2-thiol is a liquid compound, a crystal 
structure for the di-alkylation product of MTT namely 2,5-bis(thioaceticacid)-1,3,4-
thiadiazole [H2ADTZ] was obtained to reconfirm the above results that both of the 




C NMR spectra of dimethylated MTT and 
H2ADTZ are consistent with the X-ray determined structure 19. 2,5-bis(methylthio)-
1,3,4-thidiazole-2-thiol (dimethylated MTT) showed 
13
C peaks in d-DMSO at 165.56 
ppm (-N=C-S-Me), and 15.60 (-CH3) and GC-MS parent peak at 177 (isotopic 
abundance peaks due to sulfur at 178 & 179) and significant m/z peaks at 146, 147 (due 
to the loss of two methyl groups) which confirmed the identity of the compound as 2,5-
bis(methylthio)-1,3,4-thiadiazole. 2,5-bis(thioaceticacid)-1,3,4-thiadiazole [H2ADTZ] 
showed 
13
C peaks in d-DMSO at 165.56 ppm (-N=C-S-), 169.11 ppm (-COOH) and 




Figure 10. Thermal ellipsoid for 2,5-bis(thioaceticacid)-1,3,4-thiadiazole [H2ADTZ] as 
observed through X-ray crystallography. 
 
5. CONCLUSIONS 
A combined study by means of X-ray crystallography, 
13
C nuclear magnetic 
resonance spectroscopy and ab-initio electronic structure calculations was performed, 
determining the structure of 5-mercapto-1,3,4-thiadiazole-2(3H)-thione and its 
substituted derivatives conclusively and explaining the chemistry of its reaction 
mechanisms.  
 
Figure 11. The results of X-ray crystallography, NMR spectroscopy and ab-initio 
electronic structure calculations indicate the preferred structures of MTT, mono-alkylated 




6.1 Materials. The starting material 5-mercapto-1,3,4-thiadiazole-2(3H)-thione 
(MTT)  was obtained from R. T. Vanderbilt who lists the chemical as 2,5-dimercapto-
1,3,4-thiadiazole (Structure 1) and was re-crystallized from benzene before use. All the 
solvents were dried and distilled before use unless otherwise specified. All other 
chemicals were procured from Fisher or Aldrich and used as received. 
 
6.2 X-ray crystallography. Intensity data sets for all the compounds were 
collected on a Bruker Smart Apex diffractometer using SMART software.
[9]
  Suitable 
crystals were selected and mounted on a glass fiber using epoxy-based glue. The data 
were collected at room temperature employing a scan of 0.3° in ω with an exposure time 
of 20 s/frame. The cell refinement and data reduction were carried out with SAINT,
[10]
 
the program SADABS was used for the absorption correction.
[10]
 The structure was 
solved by direct methods using SHELXS-97
[11,12]
 and difference Fourier syntheses. Full-
matrix least-squares refinement against |F
2
| was carried out using the SHELXTL-
PLUS
[11,12]
 suite of programs. All non-hydrogen atoms were refined anisotropically. 
Hydrogen atoms were placed geometrically and held in the riding mode during the final 
refinement. However, hydrogen atoms on N and S in case of 5-mercapto-1,3,4-
thiadiazole-2(3H)-thione and on N in the case of  5-(methylthio)-1,3,4-thidiazole-2-thiol 
were well located from the difference Fourier map and refined subsequently.  
Crystallographic data (excluding structure factors) for the structures in this paper 
have been deposited with the Cambridge Crystallographic Data Centre as supplementary 
publication nos. CCDC 883750 [5-mercapto-1,3,4-thiadiazole-2(3H)-thione], CCDC 
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883751 [5-(methylthio)-1,3,4-thidiazole-2(3H)-thione] and CCDC 883752 [2,5-(S-acetic 
acid)dimercapto-1,3,4-thiadiazole]. Copies of the data can be obtained, free of charge, on 
application to CCDC: 12 Union Road, Cambridge CB2 1EZ, UK, (fax: +44-(0)1223-
336033 or e-mail: deposit@ccdc.cam.ac.uk).  
 
 
6.3 NMR spectroscopy. The instrument used for recording the 1H-NMR and 
13
C-NMR data for liquid state NMR was 400 MHz Varian FT/NMR spectrometer. The 
reference peak used was δ for TMS at 0.0 ppm. 
 
6.4 NMR of MTT. The Bruker DRX300 spectrometer with CP-MAS and 
7mm diameter solid rotor was used for the solid state NMR. Measurements were made at 
5 kHz spinning and the reference peak used was δ for glycine C=O carbon at 176.03 
ppm. 5-mercapto-1,3,4-thiadiazole-2(3H)-thione (MTT)  showed 
13
C peaks at 159.60 
ppm (-N=C-SH) and 189.07 ppm (-N-C=S). The 400 MHz Varian FT/NMR spectrometer 
was used for the 
13
C-NMR liquid state NMR using ethanol-D6 as solvent and the spectra 
showed 
13
C peaks at 148.50 ppm (-N=C-SH) and 190.20 ppm (-N-C=S) confirming the 
structure to be in the thiol-thione form (one H on sulfur and another on nitrogen). MTT 
was observed to form disulfides in DMSO and thus, DMSO was not considered a suitable 











6.5 Ab-initio electronic structure calculations. A variety of ab initio 
electronic structure calculations were performed to study candidate starting material 
structures 1-3. From the starting material, two consecutive methylation reactions were 
studied comparing at each stage the relative energies of possible anions formed by 





 software packages were used for all the 
calculations reported here.  Geometry optimizations and harmonic vibrational frequency 
calculations were used to locate and confirm minimum energy configurations for each 
structure.  Structures were optimized using the B3LYP
[16]
 hybrid density functional 
(DFT) method with the 6-31G* and aug-cc-pVTZ basis sets as implemented in the 
Gaussian program. Additional optimizations were performed using Møller-Plesset 
second-order perturbation theory (MP2)
[17] with Dunning’s double and triple-zeta 
augmented correlation-consistent basis sets (aug-cc-pVDZ and aug-cc-pVTZ).
[18]
 Some 
high-level explicitly correlated F12
[19]
 single-point-energy calculations were performed 
using the structures previously determined at the MP2/aug-cc-pVTZ level. Peterson’s 
specialized double-zeta F12 basis set VDZ-F12
[20]
 was used to compute energies with the 
MP2-F12 and CCSD(T)-F12 methods. The Molpro program was used for all explicitly 
correlated F12 calculations. For all structures the effect of solvation was estimated 
(allowing structural relaxation) at the B3LYP/aug-cc-pVTZ level using the implicit 
Polarizable Continuum Model (PCM) solvation model as parameterized for ethanol in the 
Gaussian09 program.
[21]
 The T1-diagnostic was recorded to confirm the applicability of 
the single-reference methods used in this study.   
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6.6 Synthesis of mono-Methylated MTT[6] (Structure 12). To a stirred 
aqueous solution of potassium hydroxide (0.1 mol, 5.61g) in absolute ethanol (2.17 mol, 
99.97 g), 5-mercapto-1,3,4-thiadiazole-2(3H)-thione (0.1 mol, 15.02g) was added. The 
reaction mixture was stirred for half an hour before methyl iodide (0.11 mol, 15.61g) was 
added to the mixture and refluxed for 6 hours, and then it was cooled and filtered. The 
filtered product 5-(methylthio)-1,3,4-thidiazole-2(3H)-thione (mol. wt. 164.27) was 
crystallized from benzene to yield a yellowish needle-shaped precipitates which were 
dried under vacuum. The yield was 74% (12.15 g). The melting point of the compound 
was found to be 137-138 
o
C. 5-(methylthio)-1,3,4-thidiazole-2(3H)-thione showed 
13
C 
peaks in d-DMSO at 159.39 (-N=C-S-Me), 187.51 (-N-C=S) and 14.67 ppm (-CH3); 
1
H 
peaks in d-DMSO at 2.52 (S-CH3) and 14.30 ppm (N-H); IR bands at 3050,  1480, 1365, 
and 1100 cm
-1
;  MS peaks at 164, 91, 88, 73 and 59 m/z.  
 
Scheme 1: Synthesis of mono-Methylated MTT. 
 
 
6.7 Synthesis of di-Methylated MTT
[22]
 (Structure 19). To a stirred aqueous 
solution of 100 ml DI/distilled water with sodium hydroxide (0.3 mol, 12g) in 1,4-
dioxane (0.12 mol, 100 ml), 5-mercapto-1,3,4-thiadiazole-2(3H)-thione (0.1 mol, 15.02g) 
was added. The reaction mixture was stirred for 30 minutes before methyl iodide (0.21 
mol, 29.80g) was added to the mixture and refluxed for 6 hours, after which the reaction 
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product was cooled, poured into water and extracted twice with diethyl ether, dried over 
anhydrous sodium sulfate, filtered and rotavaped to give a yellowish liquid product 2,5-
bis(methylthio)-1,3,4-thiadiazole (mol. wt. 178.30). The yield was 79% (14.08 g). The 
boiling point of the compound was found to be 311-313 
o
C.  2,5-Bis(methylthio)-1,3,4-
thidiazole was a yellowish liquid which showed 
13
C peaks in d-DMSO at 165.56 ppm (-
N=C-S-Me), and 15.60 (-CH3);  
1
H peaks in d-DMSO at 2.55 ppm (-CH3) and GC-MS 
parent peak at 177 (isotopic abundance peaks due to Sulfur at 178 & 179) and significant 
m/z peaks at 146, 147 (due to the loss of 2 Methyl groups) which confirmed the identity 
of the compound as 2,5-bis(methylthio)-1,3,4-thiadiazole. 
Di-alkylation of MTT can also be achieved by sequential alkylation of mono-
alkylated MTT, but one-pot dimethylation procedure is convenient and therefore, 
preferred. Di-methylated MTT has been synthesized in good yields by taking mono-
methylated MTT in 1:1 water-dioxane mixture with sodium hydroxide as the base and 
iodomethane as the alkylating agent.  
 
Scheme 2: Synthesis of di-Methylated MTT. 
 
 
6.8 Synthesis of 2,5-bis(thioaceticacid)-1,3,4-thiadiazole [H2ADTZ] 
[1]
 
(Figure 10). To a stirred aqueous solution of chloroacetic acid (94.5 g, 1 mol) and sodium 
carbonate (53 g, 0.5 mol), 5-mercapto-1,3,4-thiadiazole-2(3H)-thione (75 g, 0.5 mol) was 
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added. The reaction mixture was stirred and refluxed for 3 hours, then it was cooled and 
filtered. Ethanol was added to the reaction mixture, yielding a white precipitate. The 
product 2,5-(S-acetic acid)-dimercapto-1,3,4-thiadiazole (H2ADTZ) (mol. wt. 266.32) 
was then washed with ethanol and dried under vacuum to give a white solid (H2ADTZ). 
The yield was 83% (110.51 g). The melting point of the compound was found to be 164-
165 
o
C. 2,5-bis(thioaceticacid)-1,3,4-thiadiazole showed 
13
C peaks in d-DMSO at 164.56 
(-N=C-S-), 169.11 (-COOH) and 35.74 ppm (-CH2-); 
1
H peaks in d-DMSO at 4.11 (-
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Table S.2 Bond length and bond angles, as determined by X-ray crystallography for 






Figure S.7 A 3-D arrangement of MTT molecules in its crystal form, as portrayed from 





Figure S.8 π- π interactions between the centroids of the 5-membered MTT ring and that 




Figure S.9 Lattice arrangement of MTT crystals depicting the S-N intramolecular 
interaction, as portrayed from the results of X-ray crystallography  
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III. AZIRIDINE CURE OF COLLOIDAL UNIMOLECULAR POLYMERS 
(CUPs) 
 
Jigar K. Mistry and Michael R. Van De Mark* 
 
Missouri S&T Coatings Institute & Department of Chemistry,  
Missouri University of Science & Technology, Rolla, MO-65409, USA. 
 




Polymers were synthesized with a 1:7 or 1:8 ratio of acrylic acid to acrylate 
monomers to produce an acid rich resin. The polymers were water-reduced and solvent 
stripped to produce Colloidal Unimolecular Polymers (CUPs). These particles are 
typically 3-9 nanometers in diameter depending upon the molecular weight and have 
different rheological behavior from micelles, polyeletrolytes, C60 and latex due to their 
charged surface and large surface areas.  They were then formulated into an ambient cure 
clear coating with aziridine crosslinking. These aziridine cured acrylic CUPs were either 
solvent free or very low VOC. The coatings were evaluated for their MEK resistance, 
adhesion, hardness, gloss, flexibility, wet adhesion, abrasion and impact resistance 
properties.  
Keywords: Colloidal Unimolecular Polymer, CUP, Aziridine, Water-reduction, Zero 





The promise of nanotechnology to deliver breakthrough coating performance in 
areas such as scratch resistance, hardness, barrier properties, mechanical properties, etc. 
has been the main reason for the high level of interest in the scientific community. 
Researchers of nanotechnology have promoted the idea that “smaller is better”[1]. 
Although early work on applications of nanomaterials in coating has been scattered, there 
are many coatings scientists, formulators and researchers around the world today who are 
investigating different aspects of nano-dispersions in coatings
[2,3,4]
. As a result, the 
conditions are set for breakthroughs in this area over the next several years.  
Numerous methods have been developed for the water-reduction of polymers to 
give resins for coatings. One such method describes that when multiple chain polymers 
containing blocks of both hydrophilic and hydrophobic regions are placed in an aqueous 
environment at an appropriate pH, the hydrophilic polyether ester portions of the chains 
orient into the water phase such that they leave the hydrophobic region in the interior 
domain, forming macromolecular polymeric micelles with an average diameter of 50-120 
nm; larger than typical micelles of 2-10 nanometers or roughly twice the diameter of the 
hydrocarbon chain
[5]
. In another water-reduction study by Morishima, the micelle 
behavior of a single polyelectrolyte chain was observed to be “self-assembled” in a poor 
solvent when the chains collapsed into unimolecular micelles of a diameter of 
approximately 5.5 nm
[6]
. Multiple chain polymer collapse has also been observed in 
waterborne urethane resins synthesized by reaction of iso-cyanate by Reichhold with 
subsequent removal of the acetone solvent from the resin water blend, causing the chains 





resins containing ionizable carboxylic acid groups neutralized with amines were 
synthesized in another study and dissolved in high boiling, water miscible solvents after 
which water was introduced into the system, until the solvent blend became a less-than 
theta solvent condition which caused the entangled polymer chains to collapse
[9]
.   
The term Colloidal Unimolecular Polymer
[10]
 (CUP) has been introduced to 
describe the solid spherical single molecule polymer particles suspended in the 
continuous aqueous phase. CUPs contain a hydrophobic backbone and hydrophilic 
groups such as carboxylic acid salts. The process by which these are formed is basically 
water reduction with subsequent removal of a volatile water loving solvent.  Therefore, 
the CUP solution can be VOC free.  This research paper explores the synthesis of acrylic 
Colloidal Unimolecular Polymers in the true nano-scale range (less than 10nm) with 
particular emphasis on coating performance enhancements offered by the aziridine curing 
of the polymeric films.  
In this study, polymers of Colloidal Unimolecular Polymers (CUPs) were 
synthesized in THF using acrylic monomers by free radical polymerization. Four 
polymers were investigated: two of low Tg, below room temperature, and two of high Tg, 
above room temperature. For both the polymers, two molecular weights were chosen: one 
high ~50,000 and the other a lower molecular weight ~20,000. The low molecular weight 
would require crosslinking to obtain any respectable physical properties whereas the 
higher molecular weight would have marginal lacquer performance. THF was selected as 
the primary solvent due to its good solvency for acrylics, its miscibility with water and 
low boiling point allowing it to be easily stripped off after water reduction without loss of 
a significant amount of water. The hydrophilic/lipophilic balance requires that the acid 
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monomer to the acrylate used have a ratio between 1:7 and 1:8. This ratio yields a 
monomolecular reduction to the CUP particles. If less acid groups are incorporated, some 
aggregation was observed. Triethylamine was added to neutralize the carboxylic acid 
groups on the synthesized polymers during water reduction. Bases like NaOH and KOH 
cannot be used for neutralization as they form a salt that does not leave the film during 
drying and thus, will not crosslink with the aziridine. Ammonium hydroxide can be used 
for neutralization but triethylamine was chosen in this study. Water is added slowly 
during water reduction to avoid a large regional solvent composition change which 
causes the formation of more coagulum and leads to visible cloudiness indicating large 
aggregates. A modest stirring rate is essential for avoiding any regional solvent 
composition change. The synthesized acrylic CUP resins will give the performance of a 
lacquer without a crosslinker and therefore to enhance the performance, a commercially 
available aziridine (CX-100 from DSM Neoresins Inc.) with a functionality of 3 was 
chosen. The low Tg CUP resin developed is a zero VOC system, except for the base. For 
high Tg polymers cured by means of aziridine, Texanol (Eastman Chemical Co.) was 
used as a coalescing aid to ease the process of film formation. The coalescent aid was the 
only VOC in the system, other than the base, making the high Tg resin a low VOC 
system.  
Figure 1 illustrates the size comparison of two conventional small coating resin 
particles represented by a latex and a typical waterborne urethane resin.  The third 
particle in the series is the Colloidal Unimolecular Polymer
[10]
 particle which is the topic 
of this report.  The CUPs are single polymer chain particles which are collapsed and 
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suspended in water.  Their small size and high charge density coupled with the Brownian 
motion of the solvent molecules allows them to be thermodynamically stable in water
 [11]
. 
                                                                                                               









 Methacrylic acid (MAA), butyl methacrylate (BMA), ethyl acrylate (EA), 
ethyl methacrylate (EMA), 2-ethylhexyl methacrylate (2-EHMA), 2,2′-azobis(2-
methylpropionitrile) (AIBN) and 1-dodecanethiol were obtained from Aldrich.  MAA 
was purified by distillation with copper (I) bromide under vacuum. All other monomers 
were purified by washing with a 10% (w/w) aqueous solution of sodium bicarbonate, 
followed by rinsing with de-ionized water, and brine after which the solution was filtered 
after drying over sodium sulfate and purified by distillation under nitrogen with Copper 
(I) bromide as an inhibitor. The solvent THF was dried and distilled before use. The 
Latex particle, 100 nm,  
many chains 
Emulsion particle, 25 nm, 
several chains 




initiator AIBN was recrystallized before use from methanol while 1-dodecanethiol was 
used as received. 
3.2 Polymer syntheses 
All polymers were synthesized by free radical polymerization in tetrahydrofuran 
(THF). The monomer composition of polymers J-31 & J-32 was in molar ratios - MAA : 
EMA : BMA = 1 : 2.5 : 5.5 with the acid: acrylate ratio 1:8 while the monomer 
composition of polymers J-51 & J-52 was in molar ratios – MAA : EA : 2-EHMA : BMA 
= 1 : 1.5 : 1.5 : 4 with the acid: acrylate ratio 1:7. The monomer ratios were chosen such 
that the glass transition temperature of two of those polymers would be above and two 
below room temperature for adequate evaluation of the polyacrylic resins synthesized. 
The molar ratio of dodecanethiol was varied to produce a low and a high range of 
molecular weight.  The solvent THF was added in the amount of 2.5 times the total 
weight of monomers. It should be noted that all the polymers were insoluble in water as 
well as at an alkaline pH.  
 
Synthesis for polymer J-31: The monomers, BMA (0.477 moles, 67.79 g), EMA (0.217 
moles, 24.74 g) and MAA (0.0865 moles, 7.47 g) in a 1000 ml 3-neck round bottom flask 
with the initiator AIBN (0.781 moles, 0.094 g) along with chain transfer agent 
dodecanethiol (0.0033 moles, 0.658 g) and THF (250 g) were stirred. The flask was fitted 
with a nitrogen line, condenser, and a gas outlet adapter connected to an oil bubbler to 
allow a positive pressure of nitrogen throughout the polymerization process.  The flask 
was heated slowly to reflux and allowed to react for 24 hours.  The polymer solution was 
then cooled to room temperature, and precipitated in cold de-ionized water under high 
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shear, then dried in vacuo. Polymers J-32, J-51 and J-52 were also synthesized as per the 
above mentioned protocol.  
3.3 Characterization of polymers synthesized 
The 
1
H NMRs were recorded on the synthesized polymers using a Varian 400 
MHz FT/NMR spectrometer in a 5 mm outer diameter thin-walled glass tube with sample 
concentrations around 30 mg/ml in CDCl3. All spectra were consistent with proposed 
polymer structures and no THF peak was detected. Absolute number average molecular 
weights (Mn) were measured by gel permeation chromatography (GPC) in THF at 25 
o
C 
on a Viscotek GPCmax from Malvern instruments coupled with a triple detector array 
TDA305 (static light scattering, differential refractometer and intrinsic viscosity). Acid 
value (AV - reported in mg of KOH/ g of polymer sample) for all polymers were 
measured by titration method ASTM D-974 which was modified by using potassium 
hydrogen phthalate (KHP) in place of hydrochloric acid, and phenolphthalein as indicator 
in place of methyl orange.  Glass transition temperature (Tg) was measured on TA 
Instruments Q2000 by means of Modulated-Differential Scanning Calorimeter (DSC) 




3.4 Water-reduction of polymers to form CUPs 
Polymers were dissolved in a low boiling water miscible solvent, THF (20% w/w) 
and stirred overnight. The acid groups were neutralized with triethyl amine; de-ionized 
water was added by a peristaltic pump at the rate of 1.24g/minute and the pH of solution 
was maintained between 8.3-8.7 using triethylamine. After the water was added, the THF 
was stripped off under vacuum, giving CUPs in VOC free aqueous solution, except for 
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the added base, at the desired concentration. It should be noted that ammonium hydroxide 
works equally well and further reduces the VOC. 
Water-reduction process for the polymer J-31: Polymer J-31 (0.0174 moles, 20 g) was 
dissolved in THF (80 g) to make a 20% w/w solution; the acid groups were neutralized 
with triethylamine (0.006 moles, 0.61 g); and de-ionized water (80 g) was added by 
means of a peristaltic pump after which the THF was stripped off under vacuum to give a 
20% solution of CUPs in water. The CUP solutions were then filtered through a 0.45μm 
Millipore membrane to remove any foreign materials that were typically measured to be 
less than 0.05% by weight. Figure 2 depicts the process of CUP particles formation. It 
was found that the ratio of water to THF used was critical since the collapse from a 
random coil into a hard sphere can create a poly-chain particle instead of a CUP particle 
due to chain-chain entanglement if the collapse occurs at a high concentration.   
 
Figure 2. Process of formation of CUP particles 
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3.5 Characterization of CUPs 
After the water reduction process, viscosity measurements were done by 
Ubbelohde viscometer method at 25 
o
C and 30 
o
C for use in measuring the particle size 
and reported in the units of centiStokes. The viscosity of 10% CUP solution in water was 
done at 25 
o
C on a Brookfield Rheometer model DV-III at a shear rate of 112.5 sec
-1
 and 
reported in centipoise.  Particle sizes were measured by dynamic light scattering on a 
Nanotrac 250 particle size analyzer from Microtrac with a laser diode of 780 nm 
wavelength, and 180° measuring angle. The principle for the particle size measurement 
was that the particles in solution were constantly moving due to collisions by the solvent 
molecules, which is called Brownian motion. If the particles or molecules are illuminated 
with a laser, the intensity of the back scattered light that strikes the detector is Doppler 
shifted, and is dependent upon the size of the particles. The 
1
H NMRs were recorded on a 
Varian 400 MHz FT/NMR spectrometer in a 5 mm outer diameter thin-walled glass tube 
with sample concentrations around 10 mg/ml in D2O and no THF peak was observed. 
Minimum Film Formation Temperature (MFFT) was measured on a Rhopoint WP-Bar90 
as per the method described in ASTM D-2354.  
 
3.6 CUP coatings 
The CUPs were prepared at 20% solids in water and cured by means of an 
aziridine for evaluating the coating characteristics of the clear coat CUPs. The cross-
linker was used in a 1:1 ratio of the acid equivalent of the resin. The aziridine used to 
cure CUP clear coats was CX-100, obtained from DSM Resins with a functionality of 3, 
Figure 3. The aziridine was added just prior to application and used after 30 minutes to 
simulate use conditions. The coated samples were dried for 24 hours at ambient 
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conditions. As the MFFT of J-31 and J-32 was higher than room temperature, Texanol 
obtained from Eastman chemicals was used as a coalescing aid to lower the MFFT for the 
aziridine cure. After addition of Texanol at 3% w/w of the total formulation, the MFFT of 
J-31 and J-32 was found to be lowered to 18.6 
o
C. 
CUP coatings from J-31: For 100 g of water reduced resin, 2.80 g (0.006 moles) of CX-
100 was added along with 3 g of Texanol (3% w/w on total formulation). 
 
Figure 3. Trimethylolpropane tris(2-methyl-1-aziridinepropionate) 
 
3.7 Testing of the CUP clear coats 
Aluminum panels A-36 mill finish and iron phosphated steel panels R-36 dull 
matte finish from Q-panel were used to test CUP clear coats. The aziridine cured coatings 
were ambient cured for 24 hours and aged at 50 
o
C for 24 hours to accelerate aging. The 
CUP clear coats were tested for their mechanical dry time, appropriate ratio of aziridine 
to acid for effective curing of CUPs, pot-life at constant temperature, MEK resistance, 
adhesion, hardness, gloss, flexibility, abrasion and impact resistance properties. The 
controls used for the testing protocol were the CUP clear coats cast on panels without any 
crosslinker. Mechanical dry time was measured as per ASTM D-5895 by means of a 
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Gardener dry time recorder. The ratio of aziridine: acid, based on the equivalent weight, 
was varied from 0.5:1, 0.75:1, 1:1, 1.25:1 and 1.5:1 to find out the appropriate ratio 
required for effective cure of CUPs. To determine the pot-life, samples were stirred for 
30 min. and kept in a constant temperature water bath at 25 
o
C after which drawdowns 
were casted every 15 minutes for the next 2 hours. The results of MEK double-rubs and 
pencil hardness were evaluated to determine the pot-life and the effective ratio of 
aziridine: acid for total cure of CUPs. All other CUP coatings were formulated at 
aziridine: acid ratio of 1:1. Gloss was measured on aluminum panels by a Byk-Gardener 
micro-gloss meter and an average of 3 readings with std. deviation less than 1 were 






. MEK double rub test were performed on 
aluminum panels by employing a lint-free cloth as per ASTM method D-4752 and an 
average of 2 readings was reported. Pencil hardness test were performed on aluminum 
panels as per the ASTM method D-3363 by using pencils of varying hardness in the 
range of 9B-9H and an average of 3 readings was reported. Film thickness was measured 
on aluminum panels by a coating thickness gauge by Elcometer-6000 Positector and an 
average of 3 readings was reported in mil. Impact testing was done on iron phosphate 
steel Q-panels as per ASTM D-2794 using Gardner Impact Tester with a 5/8 inch ball 
indenter of 4-lb weight and results were reported in units of inch-lbs. Flexibility was 
tested on aluminum Q-panels by mandrel test method as per ASTM D-522. Adhesion 
testing was done as per the ASTM D-4541 on iron phosphate steel Q-panels by prepping 
the coatings with sandpaper # 320, wiping with iso-propanol, air-drying for 1 hour and 
gluing the grit-blasted and MEK-cleaned pucks onto the coating with a Locktite Quick 
Set 2-ton epoxy, and allowed to cure for 48 hours after which a torque wrench 
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ComputorQ-II was used instead of a pull-off tester to record the failure type and the 
torque value. The torque displayed in inch-pound units was recorded in PSI units by 
appropriate conversion and an average of 4 readings was reported. Wet adhesion testing 
was done by immersing 1/3
rd
 part of the aluminum panels in deionized water for 1 hour 
and then inspecting the panels for delamination, change in clarity/transparency, etc. 
Pencil hardness was also done after exposure on those panels. Abrasion resistance testing 
was performed on 4” x 4” iron phosphate steel panels R-44 dull matte finish from Q-
panel by using a Taber Abraser 5150 with a load weight of 1000g for 100 cycles utilizing 
H-10 wheels as per the ASTM D-4060. 
 
4. RESULTS AND DISCUSSION 
 
4.1 Polymer syntheses & characterization 
The initial study investigated four polymers, two of low Tg, below room 
temperature, and two of high Tg, above room temperature. For both the polymers, two 
molecular weights were chosen: one high ~50,000 and the other a lower molecular 
weight ~20,000. The molecular weights chosen here are only examples. The monomer 
composition can also be varied. Polymers with molecular weights ranging from 6000 to 
130,000 have been successfully reduced to form CUPs.  
The monomers methacrylic acid (MAA), butyl methacrylate (BMA), ethyl 
acrylate (EA), ethyl methacrylate (EMA) and 2-ethylhexyl methacrylate (2-EHMA) were 
chosen in the particular composition specified to yield polymers with specified Tg. The 
actual acid value of the synthesized polymers was found to be slightly higher than the 
theoretical acid value as expected, because a part of the monomer MMA was lost with 
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nitrogen purging through evaporation with solvent during polymer synthesis, Table 2. 
Good yields are reported for all the polymers synthesized. 
Table 1: Monomer Composition, MAA: Acrylate Ratio, Tg and Mol. Wt. of the 
Synthesized Polymers 
 
Table 2: Polymer Characterization: % Yield, Tg, Mol. Wt, Acid Value and Mark-





Acid Value Mark-Houwink 
"a" 
Mark-Houwink 
“log K” Theo. Expt. 
J-31 89 48.7 48.8 0.65 -3.69 
J-32 93 48.7 48.7 0.68 -3.88 
J-51 91 50.9 52.5 0.70 -3.97 
J-52 93 50.9 51.7 0.64 -4.37 
 
The MFFT of the synthesized polymers were found to be lower than the Tg as is 
typical for waterborne resins, Table 3. The viscosity of water-reduced CUPs was water-
like and the actual/measured particle sizes were close to the theoretical particle size 
indicating the true nano-scale characteristics of the synthesized CUPs. As seen from 
Figure 4, the viscosity profile of CUPs, as measured by a Brookfield rheometer, was 
Polymer 
Synthesized 













J-31 MAA:BMA:EMA 1:8 55.1 19,000 








1:7 20.9 51,000 
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linear for the sq. rt. of shear rate vs sq. rt. of shear stress with a slope of 0.1456. 
Therefore, zero point viscosity at 25 
o
C was 2.12 cP. This corroborates with the results of 
kinematic viscosity, measured by an Ubbelohde viscometer, that the viscosity of water-
reduced CUPs were water-like.  




Figure 4. Viscosity of 10% solution of CUP J-32 in water at 25 
o
C  
The four synthesized polymers were analyzed for comparison between the 
theoretical particle size calculated from the GPC fractions at different molecular weights 





Visc. at shear 
rate  of 112.5 (cP) 
Particle Size (nm) Avg. MFFT 
(
o
C) Theo. Expt. 
J-31 2.19 2.31 3.7 4.0 45.2 
J-32 2.51 3.96 5.1 4.5 45.5 
J-51 2.45 2.57 3.8 3.1 2.5 
J-52 3.13 3.82 5.1 4.7 2.4 
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was a good agreement between the distribution calculated from the molecular weights of 
fractions from the GPC and the particle diameters from DLS, assuming the density of the 
bulk polymer were the same as that of CUPs. The presence of THF, if not stripped off 
completely, influences the measured diameter of the CUPs as it can migrate into the 
interior of the CUP particles and give a larger diameter than expected due to swelling. 
However, NMR was employed in this research to verify the removal of THF. It should be 
noted that water must be added in a slow gradient during reduction to avoid regional 
large solvent compositional changes. If they occur, coagulum may be formed resulting in 
a cloudy solution due to large aggregates. The water must also be free of polyvalent 
cations like calcium or magnesium which can bind to the carboxylates and cause gelling. 








Figure 6. Vial 1: improperly water-reduced CUPs; Vial 2: properly water-reduced CUPs 
 
4.2 Aziridine cured CUPs 
Mechanical dry time study was conducted to determine the drying stages of film 
formation for the CUP clear coats. As evident from Table 4, the process of drying of the 
CUPs was complete around 3 hours and gave an idea of when a freshly painted surface 
can be put back to use. The low molecular weight polymers are expected to have a 
slightly faster drying time as compared to the higher molecular weight polymers owing to 
their faster reptational motion but no such demarcation was observed due to the aziridine 
crosslinking of the CUP clear coats. It should be noted that full aziridine cure will require 






















J-31 Control 53 105 145 190 
 Aziridine 55 110 145 195 
J-32 Control 55 105 145 190 
 Aziridine 57 110 145 195 
J-51 Control 53 100 150 195 
 Aziridine 50 100 140 180 
J-52 Control 51 100 150 195 
 Aziridine 51 100 140 180 
 
The ratio of aziridine: acid based on the equivalent weight was varied from 0.5:1, 
0.75:1, 1:1, 1.25:1 and 1.5:1 to find out the appropriate ratio required for effective cure of 
CUPs. The performances of the samples were evaluated on the basis of their pencil 
hardness and MEK double rubs. As seen from Table 5 and Figure 7, it was evident that 
the optimum ratio of aziridine: acid for the effective cure of acrylic colloidal 
unimolecular polymers was about 1.25:1. An aziridine with a functionality of 3 was used 
for the study, but some of the molecules might be bi-functional. If the aziridine: acid ratio 
is greater than 1.25:1, the excess aziridine will only be able to link one tri-aziridine with a 
carboxylate group on all polymer chains which decreases the crosslink density. Again, 
the excess aziridine reacts with water to form an aminoalcohol. These two factors can 
substantially lower the performance of the CUP clear coats. At the aziridine: acid ratio of 
1.25:1, the slight excess of aziridine ensures that even if one of the three aziridine 
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functionality was hydrolyzed, the other two will be available for crosslinking, thus giving 
a highly crosslinked coating with excellent performance. 
 






J-31 0.5 : 1 B 
 
0.75: 1 HB 
 
1.00 : 1 F 
 
1.25 : 1 H 
 
1.5 : 1 F 
J-32 0.5 : 1 B 
 
0.75 : 1 B 
 
1.00 : 1 B 
 
1.25 : 1 H 
 
1.5 : 1 H 
J-51 0.5 : 1 B 
 
0.75 : 1 F 
 
1.00 : 1 F 
 
1.25 : 1 H 
 
1.5 : 1 HB 
J-52 0.5 : 1 B 
 
0.75 : 1 HB 
 
1.00 : 1 F 
 
1.25 : 1 H 
 





Figure 7. Graph depicting the effect of aziridine: acid ratio on MEK double-rubs 
It is important to know the time frame in which the CUP coatings can be used 
after they are mixed with the aziridine crosslinker. The pot life study gives an estimate of 
the time after which the crosslinker becomes less effective. It is evident from Table 6 that 
the pot-life of aziridine cured acrylic colloidal unimolecular polymers were at least 120 
minutes, after which the samples start to have lower performance. Even though aziridines 
are reactive compounds, the conditions for the nucleophile to attack on the aziridine ring 
are not conducive until the water leaves and therefore it takes some time for the crosslink 
density to gain optimal strength which was reflected in the performance of the coatings 
during MEK double-rubs and pencil hardness. One possible rational for the increase in 
performance during the first 120 min. maybe a pre-equilibrium partitioning of the 
aziridines between the CUP interior and the water phase. Further investigations would be 
required to fully validate this possibility. The data clearly shows that the usable pot life 
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double-rubs 
Aziridine: Acid ratio 















J-31 30 HB 47 
 
45 HB 48 
 
60 F 46 
 
75 F 48 
 
90 H 56 
 
105 H 49 
 
120 H 47 
 
135 H 47 
 
150 HB 39 
J-32 30 HB 72 
 
45 F 70 
 
60 F 73 
 
75 H 71 
 
90 H 75 
 
105 H 69 
 
120 H 68 
 
135 H 65 
 
150 HB 60 
J-51 30 HB 42 
 
45 HB 44 
 
60 F 43 
 
75 H 44 
 
90 H 56 
 
105 H 50 
 
120 H 50 
 
135 H 40 
 
150 F 39 
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J-52 30 F 37 
 
45 F 39 
 
60 H 47 
 
75 H 47 
 
90 H 56 
 
105 H 45 
 
120 H 46 
 
135 H 41 
 
150 F 38 
 
Pencil hardness is a measure of the hardness of the coating while the MEK double 
rub test is a measure of the solvent resistance and an estimate of the crosslink density of a 
coating. It was observed that the CUP clear coat made from high Tg polymer (J-31 & J-
32) gave good gloss while the CUP clear coat made from low Tg polymer (J-51 & J-52) 
gave high gloss, Table 7. Coalescing aid was required in the high Tg polymer to lower its 
Tg and ease the process of film formation, but its presence can be the reason for the lower 
gloss of the high Tg polymers as compared to the high gloss of low Tg polymers. The 
lack of any crosslinker would render the coating a lacquer, thus resulting in lower 
hardness and solvent resistance as seen from the results of the control. It was observed 
that the MEK double rubs were moderate for all of the aziridine cured CUP clear coats, 







Table 7: Film Thickness, Gloss, MEK Double Rubs and Pencil Hardness Results of 


















J-31 Control 0.5 81 / 83 / 90 5 B 
 
Aziridine 0.6 81 / 82 / 89 48 H 
J-32 Control 0.5 87 / 91 / 93 7 B 
 Aziridine 0.5 86 / 90 / 92 71 H 
J-51 Control 0.7 90 / 93 / 97 5 B 
 Aziridine 0.8 90 / 94 / 98 44 H 
J-52 Control 0.5 90 / 94 / 97 7 B 
 Aziridine 0.5 89 / 91 / 95 47 H 
 
As evident from Table 7, crosslinking the Colloidal Unimolecular Polymers gave 
a significant boost to the performance characteristics of the resin, as measured by the 
MEK double rubs and pencil hardness. In the CUP system, the carboxylates are on the 
surface of the particle and thus are all easily accessible to the aziridine for crosslinking. 
Thus, the CUP particles do not require extensive reptational motion to access the 
aziridine, nor to coalesce.  
All formulated CUP clear coats had excellent flexibility and impact resistance, 
Table 8. CUP dispersions require less diffusion time since the distance of migration is 
only 3-5 nm and therefore, it can access the crosslinking agent without the need for 





Table 8: Mandrel Flexibility and Impact Resistance Results of the Clear Coats 










J-31 Control 1/8” 160+ 160+ 
 
Aziridine 1/8” 160+ 160+ 
J-32 Control 1/8” 160+ 160+ 
 Aziridine 1/8” 160+ 160+ 
J-51 Control 1/8” 160+ 160+ 
 Aziridine 1/8” 160+ 160+ 
J-52 Control 1/8” 160+ 160+ 
 Aziridine 1/8” 160+ 160+ 
 
 
Figure 8. High impact resistance and flexibility of aziridine cured CUP clear coatings 
Table 8 and Figure 8 are evidence of the high flexibility and impact resistance of 
the resin developed. It was observed that the aziridine cured CUP clear coats had both 
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coating, as well as epoxy-amine, adhesive failure indicating good adhesion of the 
polymeric film to the substrate, Table 9. 
Table 9: Adhesion Testing Results of the Clear Coats Formulated from CUPs 








J-31 Control 810 Coating to substrate Adhesive 100% 
 
Aziridine 1055 Coating+Epoxy Adhesive 90: 10% 
J-32 Control 1021 Coating to substrate Adhesive 100% 
 Aziridine 984 Coating+Epoxy Adhesive 90 : 10% 
J-51 Control 838 Coating to substrate Adhesive 100% 
 Aziridine 859 Coating+Epoxy Adhesive 90: 10% 
J-52 Control 1065 Coating to substrate Adhesive 100% 
 Aziridine 927 Coating+Epoxy Adhesive 90: 10% 
 
No significant change was observed on any of the polymeric films after a 1 hour 
water immersion. The aziridine crosslinked CUP clear coats showed no hazing and no 
change in pencil hardness, Table 10. It was observed that the wear index of control was 
usually high indicating low abrasion resistance while no trend was observed in the wear 
index of aziridine cured CUPs indicating moderate abrasion resistance of the clear coats 
formulated from CUPs, Table 11. This corroborates that crosslinking the CUPs with 
















J-31 Control No change B 
 
Aziridine No change H 
J-32 Control No change B 
 Aziridine No change H 
J-51 Control No change B 
 Aziridine No change H 
J-52 Control No change B 
 Aziridine No change H 
 







J-31 Control 39 390 
 
Aziridine 17 170 
J-32 Control 27 270 
 Aziridine 10 100 
J-51 Control 22 220 
 Aziridine 14 140 
J-52 Control 23 230 





The true nano-scale nature of CUPs can result in a well crosslinked acrylic clear 
coat. The coalescing mechanism for CUPs was similar to latex and the effect of 
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coalescent aid was found to be analogous. Aziridine cured CUP coatings produced well 
cross-linked films. This work illustrates the true nano-unimolecular nature of CUPs and 
its low viscosity. These near zero VOC systems (if ammonia is used) offer a potentially 
high performance technology option for future coatings for both OEM and architectural 
applications. 
Over the past few years, the development of acrylic Colloidal Unimolecular 
Polymers (CUPs) has moved from the realm of laboratory investigation to the point today 
at which they can be tested and developed commercially in numerous applications. Thus, 
the utilization of aziridine curing agents for water-reduced acrylic CUPs have illustrated 
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1. GRAPHICAL ABSTRACT 
 
 
Process of forming CUPs 
 





Polymers were synthesized with a 1:7 or 1:8 ratio of acrylic acid to acrylic ester 
monomers to produce an acid rich resin. The polymers were water-reduced and solvent 
stripped to produce Colloidal Unimolecular Polymers (CUPs). These particles are 
typically 3-9 nanometers in diameter depending upon the molecular weight and have 
different rheological behavior from micelles, polyeletrolytes, C60 or latex due to their 
charged surface and large surface areas.  They were then formulated into a clear coating 
with melamine as the cross linker with thermal curing. These melamine cured acrylic 
CUPs were solvent free and near zero VOC. The coatings were evaluated for their MEK 
resistance, adhesion, hardness, gloss, flexibility, abrasion and impact resistance 
properties. 
Keywords: Colloidal Unimolecular Polyer, CUP, Melamine, Water-reduction, Zero 




Water-reducible resins typically used in the coatings industry are composed of 
particles containing multiple chains entangled onto each other due to the high 
concentration of polymer when it. This research article uses a water reduction process 
which is conceptually similar except that the collapse of the chains is unimolecular due to 
the low concentration of polymer at reduction point and that the solvent is stripped off 
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leaving the particles suspended in water to give the final resin as a product which can be 
crosslinked to give films with superior properties. 
When multiple chain polymers containing blocks of both hydrophilic and 
hydrophobic regions are placed in an aqueous environment at an adjusted pH, the 
hydrophilic polyether ester portions of the chains orient into the water phase such that 
they leave the hydrophobic region in the interior domain, forming macromolecular 
polymeric micelles with an average diameter of 50-120 nm; larger than typical micelles 
of 2-10 nanometers or roughly twice the diameter of the hydrocarbon chain
[1]
. In a study 
by Morishima, the micelle behavior of a single polyelectrolyte chain was observed to be 
“self-assembled” in a poor solvent when the chain collapsed and the chains collapsed into 
unimolecular micelles of a diameter of approximately 5.5 nm
[2]
. Multiple chain polymer 
collapse has also been observed in waterborne urethane resins synthesized by reaction of 
iso-cyanate by Reichhold when acetone was removed from the resin water blend, causing 
the chains to collapse into aggregates with a diameter of approximately 25 nm
[3,4]
. Water-
reducible resins containing ionizable carboxylic acid groups neutralized with amines 
were synthesized in another study and dissolved in high boiling, water miscible solvents 
after which water was introduced into the system, until the solvent blend became a less-
than theta solvent condition which caused the entangled polymer chains to collapse
[5]
.   
The term Colloidal Unimolecular Polymer
[6]
 (CUP) has been introduced to 
describe the solid spherical unimolecular particles suspended in the continuous aqueous 
phase. CUPs contain a hydrophobic backbone and hydrophilic group such as carboxylic 
acid salts. The process by which these are formed is basically water reduction with 
subsequent removal of a volatile water loving solvent.  Therefore, the CUP solution can 
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be VOC free. The collapsed CUP particles resemble a sphere due to the repulsive nature 
of the carboxylate groups towards each other.  Unlike the larger latex particles which 
settle with time, CUP particles are thermodynamically stable due to the nano-scale 
particle size as Brownian motion keeps the CUP particles. No change in particle size and 
aggregation/settling is observed in the samples of the reduced cup particle suspensions 
retained for over three years.  This research paper explores the synthesis of acrylic 
colloidal unimolecular polymers in true nano-scale range (less than 10nm) with particular 
emphasis on coating performance enhancements offered by the melamine cure of the 
polymeric films.  
In this study, colloidal unimolecular polymers (CUPs) were synthesized in THF 
using acrylic monomers by free radical polymerization. Four polymers were investigated: 
two of low Tg, below room temperature, and two of high Tg, above room temperature. 
For both the polymers, two molecular weights were chosen: one high ~50,000 and the 
other a lower molecular weight ~20,000. The low molecular weight would require 
crosslinking to obtain any respectable physical properties whereas the higher molecular 
weight would have marginal lacquer performance. THF was selected as the primary 
solvent due to its good solvency for acrylics, its miscibility with water and low boiling 
point allowing it to be easily stripped off after water reduction without loss of significant 
amount of water. The hydrophobic/lipophilic balance requires that the acid monomer to 
ester ratio be between 1:7 and 1:8. This ratio yields a monomolecular reduction to the 
CUP particles. If less acid groups are incorporated, aggregation was observed. 
Triethylamine was added to neutralize the carboxylic acid groups on the synthesized 
polymers during water reduction. Bases like NaOH and KOH cannot be used for 
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neutralization as they do not leave any free acid groups on the polymer and tend to leave 
the cations behind during the process of drying. Ammonium hydroxide can be used for 
neutralization as it can react with the free formaldehyde content of the melamine during 
the cross-linking process. Thus, triethylamine was chosen for this study. Water is added 
slowly during water reduction to avoid a large regional solvent composition change 
which causes the formation of more coagulum which leads to visible cloudiness 
indicating large aggregates. A modest stirring rate is essential for avoiding any regional 
solvent composition change. The synthesized acrylic CUP resins will give the 
performance of a lacquer without a crosslinker and therefore to enhance the performance, 
a commercially available melamine (Cymel 373 from Cytec Industries Inc.) with an 
assumed functionality of 4.5 is chosen. The aforementioned acrylic CUP resin 
crosslinked with melamine is a zero VOC coating system, excluding the amine. 
Figure 1 illustrates the two conventional small coatings resin particles represented 
by a latex and a typical waterborne urethane resin.  The third particle in the series is the 
Colloidal Unimolecular Polymer
[6]
 particle which is the topic of this report.  These are 
single polymer chains which are collapsed and suspended in water.  Their size allows 







Figure 1.  Particle size comparison for water borne particulate coating resins. 
Latex particle, 100 nm,  
many chains 
Emulsion, 25 nm,  
several chains 






Methacrylic acid (MAA), butyl methacrylate (BMA), ethyl acrylate (EA), ethyl 
methacrylate (EMA), 2-ethylhexyl methacrylate (2-EHMA), 2,2′-azobis(2-
methylpropionitrile) (AIBN) and 1-dodecanethiol were obtained from Aldrich.  MAA 
was purified by distillation with copper (I) bromide under vacuum. All other monomers 
were purified by washing with a 10% (w/w) solution of sodium bicarbonate, followed by 
rinsing with de-ionized water, and brine after which the solution was filtered after drying 
over sodium sulfate and purified by distillation under nitrogen with Copper (I) bromide 
as an inhibitor. The initiator AIBN was recrystallized before use from methanol while 1-
dodecanethiol was used as received.  
 
4.2 Polymer syntheses 
All polymers were synthesized by free radical polymerization in tetrahydrofuran 
(THF). The monomer composition of polymers J-31 & J-32 was in molar ratios - MAA : 
EMA : BMA = 1 : 2.5 : 5.5 with the acid: acrylate ratio 1:8 while the monomer 
composition of polymers J-51 & J-52 was in molar ratios – MAA : EA : 2-EHMA : BMA 
= 1 : 1.5 : 1.5 : 4 with the acid: acrylate ratio 1:7. The monomer ratios were chosen such 
that two of those polymers would be above and two below room temperature for adequate 
evaluation of the polyacrylic resins synthesized. The molar ratio of dodecanethiol was 
varied to produce a low and a high range of molecular weight.  The solvent THF was 
added in the amount of 2.5 times the total weight of monomers.  
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Synthesis for polymer J-32: The monomers, BMA (0.477 moles, 67.79 g), EMA (0.217 
moles, 24.74 g) and MAA (0.0865 moles, 7.47 g) in a 1000 ml 3-neck round bottom flask 
with the initiator AIBN (0.781 moles, 0.094 g) along with chain transfer agent 
dodecanethiol (0.0011 moles, 0.257 g) and THF (250 g) were stirred. The flask was fitted 
with a nitrogen line, condenser, and a gas outlet adapter connected to an oil bubbler to 
allow a positive pressure of nitrogen throughout the polymerization process.  The flask 
was heated slowly to reflux and allowed to react for 24 hours.  The polymer solution was 
then cooled to room temperature, and precipitated in cold de-ionized water under high 
shear, then dried under vacuum. Polymers J-31, J-51 and J-52 were also synthesized as 
per the above mentioned protocol.  
 
4.3 Characterization of polymers synthesized 
The 
1
H NMRs were carried out on synthesized polymers using a Varian 400 MHz 
FT/NMR spectrometer in a 5 mm outer diameter thin-walled glass tube with sample 
concentrations around 30 mg/ml in CDCl3. All spectra were consistent with proposed 
polymer structures and no THF peak was observed. Absolute number average molecular 
weights (Mn) were measured by gel permeation chromatography (GPC) on a Viscotek 
GPCmax from Malvern instruments coupled with a triple detector array TDA305 (static 
light scattering, differential refractometer and intrinsic viscosity). Acid value (AV - 
reported in mg of KOH/ g of polymer sample) for all polymers were measured by 
titration method ASTM D-974 which was modified by using potassium hydrogen 
phthalate (KHP) in place of hydrochloric acid, and phenolphthalein as indicator in place 
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of methyl orange.  Glass transition temperature (Tg) was measured on TA Instruments 
Q2000 by means of Modulated-Differential Scanning Calorimeter (DSC) method. 
 
4.4 Water-reduction of polymers to form CUPs 
Polymers were dissolved in a low boiling water miscible solvent, THF (20% w/w) 
and stirred overnight. De-ionized water was added by a peristaltic pump in the rate of 
1.24g/minute and the pH of solution was maintained between 8.3-8.7. After the water 
was added, the THF was stripped off under vacuum, giving CUPs in VOC free aqueous 
solution, except for the added base, at the desired concentration. Ammonium hydroxide 
works equally well and makes this system even lower in VOC. 
 
Water-reduction process for the polymer J-32: Polymer J-32 (0.0174 moles, 20 g) was 
dissolved in THF (80 g) to make a 20% w/w solution; the acid groups were neutralized 
with triethylamine (0.006 moles, 0.61 g); and de-ionized water (80 g) was added by 
means of a peristaltic pump after which the THF was stripped off under vacuum to give a 
20% solution of CUPs. The CUP solutions were then filtered through 0.45μm Millipore 
membrane to remove any foreign materials which were typically measured to be less than 
0.05% by weight. Polymers J-31, J-51 and J-52 were also water-reduced as per the above 
mentioned protocol. Figure 2 depicts the process of forming CUPs. It was found that the 
amount of water used as well as the amount of THF was critical since if the collapse from 
a random coil into a hard sphere occurs at too high a concentration the particle becomes a 




Figure 2. Process of forming CUP particles. 
 
4.5 Characterization of CUPs 
After the water reduction process, viscosity measurements were done by 
Ubbelohde viscometer method at 25 
o
C and 30 
o
C for use in measuring the particle size 
and reported in the units of centiStokes. The viscosity of 10% CUP solution in water was 
done at 25 
o
C on a Brookfield Rheometer model DV-III at a shear rate of 112.5 and 
reported in centipoise. Particle sizes were measured by dynamic light scattering on a 
Nanotrac 250 particle size analyzer from Microtrac with a laser diode of 780 nm 
wavelength, and 180° measuring angle. The principle for the particle size measurement 
was that the particles in solution were constantly moving due to collisions by the solvent 
molecules, which is called Brownian motion. If the particles or molecules are illuminated 
with a laser, the intensity of the back scattered light that strikes the detector is Doppler 
shifted, and is dependent upon the size of the particles. The 
1
H NMRs were recorded on a 
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Varian 400 MHz FT/NMR spectrometer in a 5 mm outer diameter thin-walled glass tube 
with sample concentrations around 10 mg/ml in D2O and no THF peak was observed. 
Minimum Film Formation Temperature (MFFT) was measured on Rhopoint WP-Bar90 
as per the method described in ASTM D-2354.  
 
4.6 CUP coatings 
The CUPs were prepared at 20% solids and cured by means of a melamine for 
evaluating the coating characteristics of the clear coat CUPs. The cross-linker was used in 
1:1 ratio of the acid equivalent of the resin. The melamine used to cure CUP clear coats 
was Cymel-373 obtained from Cytec Industries Inc. and used as is. The functionality was 
assumed to be 4.5. The p-TSA catalyst used was Na-Cure 2547 which was obtained from 
King Industries Inc. and used as is.  
 
CUP coatings from J-32: For 100 g of water reduced resin, 1.39 g (0.004 moles) of 
Cymel 373 was used along with 0.21 g (1% w/w of total solids of the formulation) of Na-
Cure catalyst. The coated samples were cured at 300 F (~150 
o
C) for 30 min.  
 
Figure 3. Modified melamine crosslinker. 
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4.7 Testing of the CUP clear coats 
Aluminum panels A-36 mill finish and iron phosphate steel panels R-36 dull 
matte finish from Q-panel were used for the testing of CUP clear coats. The melamine 




C) for 30 min. and tested for the % 
active catalyst required for effective curing, optimum curing time and temperature, 
appropriate functionality of melamine required for effective curing, MEK resistance, 
adhesion, hardness, gloss, flexibility, abrasion and impact resistance properties. The 
controls used for the testing protocol were the CUP clear coats cast on panels without any 
crosslinker. The amount of catalyst was varied and the samples were cured at a fixed 
temperature (150 
o
C) and time (30 min.) to find out the optimum % active catalyst 
required for effective curing. The curing time was varied as 10, 20, 30 and 40 min. at a 
fixed curing temperature (150 
o
C) and % active catalyst (0.25% on resin solids) to find 
out the optimum time required for effective cure. The curing temperature was varied as 
100, 125, 150 and 175 
o
C at a fixed curing time (30 min.) and at 200 
o
C for a curing time 
of 20 min. with fixed % active catalyst (0.25%) to find out the optimum temperature 
required for effective cure. The amount of melamine content required to cure the CUPs 
was changed by estimating a different functionality of melamine as 3.0, 3.5, 4.0, 4.5 and 
5 to find out the appropriate amount of melamine (estimated functionality of melamine) 
required for effective curing of acrylic CUPs. Gloss was measured on aluminum panels 
by a Byk-Gardener micro-gloss meter and an average of 3 readings with std. deviation 






. MEK double rub test was 
performed on aluminum panels by employing a lint-free cloth as per ASTM method D-
4752 and an average of 2 readings was reported. Pencil hardness test were performed on 
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aluminum panels as per the ASTM method D-3363 by using pencils of varying hardness 
in the range of 9B-9H and an average of 3 readings was reported.  Film thickness was 
measured on aluminum panels by a coating thickness gage by Elcometer-6000 Positector 
and an average of 3 readings was reported in mil. Impact testing was done on iron 
phosphate steel Q-panels as per ASTM D-2794 using Gardner Impact Tester with a 5/8 
inch ball indenter of 4-lb weight and results were reported in units of inch-Lbs. 
Flexibility was tested on aluminum Q-panels by mandrel test method as per ASTM D-
522 and results were recorded in inches. Adhesion testing was done as per the ASTM D-
4541 on iron phosphate steel Q-panels by prepping the coatings with a sandpaper # 320, 
cleansing with iso-propyl alcohol and gluing the grit-blasted and MEK-cleaned pucks 
onto the coating with either a Locktite Quick Set 2-ton epoxy or a 3M Scoth Weld DP-
460 epoxy and allowed to cure for 48 hours after which a torque wrench ComputorQ-II 
was used to record the failure type and the torque value. The torque displayed in inch-
pound units was recorded in PSI units by appropriate conversion and an average of 4 
readings was reported. Wet adhesion testing was done by immersing 1/3
rd
 part of the 
aluminum panels in deionized water for 1 hour and then inspecting the panels for 
delamination, change in clarity/transparency, etc. Pencil hardness was also done on those 
panels. Abrasion resistance testing was performed on 4” x 4” iron phosphate steel Q-
panels R-44 dull matte finish from Q-panel by using a Taber Abraser 5150 with a load 





5. RESULTS AND DISCUSSION 
 
5.1 Polymer synthesis & characterization 
The initial study investigated four polymers, two of low Tg, below room 
temperature, and two of high Tg, above room temperature. For both the polymers, two 
molecular weights were chosen: one high ~50,000 and the other a lower molecular 
weight ~20,000. The molecular weights chosen here are only examples. The monomer 
composition can also be varied. Polymers with molecular weights ranging from 6000 to 
130,000 have been successfully reduced to form CUPs.  
The monomers methacrylic acid (MAA), butyl methacrylate (BMA), ethyl 
acrylate (EA), ethyl methacrylate (EMA) and 2-ethylhexyl methacrylate (2-EHMA) were 
chosen in the particular composition specified to yield polymers with specified Tg. The 
actual acid value of the synthesized polymers was found to be slightly higher than the 
theoretical acid value as expected, because a part of the monomer MMA was lost with 
nitrogen purging through evaporation with solvent during polymer synthesis, Table 2. 
Good yields are reported for all the polymers synthesized. The MFFT of the synthesized 
polymers were found to be lower than the Tg as is typical for waterborne resins. 
The viscosity of water-reduced CUPs was water-like and the actual/measured 
particle sizes were close to the theoretical particle size indicating the true nano-scale 
characteristics of the synthesized CUPs, Table 2. As seen from Figure 4, the viscosity 
profile of CUPs, as measured by a Brookfield rheometer, is linear for the graph of sq. rt. 
of shear rate vs sq. rt. of shear stress with a slope of 0.1456. Therefore, zero point 
viscosity at 25 
o
C will be 2.02 cP. This corroborates with the results of kinematic 
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viscosity, measured by an Ubbelohde viscometer, that the viscosity of water-reduced 
CUPs is water-like.  
 
Table 1. Monomer composition, MAA: acrylate ratio, % yield, glass transition 
temperature and molecular weight of the synthesized polymers 
 
Table 2. Characterization: Acid value of the synthesized polymers; Particle Size, 










Visc. at shear 






J-31 48.7 / 48.8 3.7 / 4.0 2.19 3.96 45.2 
J-32 48.7 / 48.7 5.1 / 4.5 2.51 2.31 45.5 
J-51 50.9 / 52.5 3.8 / 3.1 2.45 2.57 2.5 
J-52 50.9 / 51.7 5.1 / 4.7 3.13 3.82 2.4 
 
Polymer 














J-31 MAA:BMA:EMA 1:5.5:2.5 89 55.1 19,000 












Figure 4. Viscosity of 10% solution of CUP J-51 in water at 25 
o
C  
The four synthesized polymers were analyzed for comparison between the 
theoretical particle size calculated from the GPC fractions at different molecular weights 
and the actual/experimental particle size as found out from DLS. Figure 5 validates a 
good agreement between the distribution and the particle diameters, assuming the density 
of the bulk polymer were the same as that of CUPs. The presence of THF, if not stripped 
off completely, influences the measured diameter of the CUPs as it can migrate into the 
interior of the CUP particles and give a larger diameter than expected due to swelling. 
However, NMR was employed in this research to verify the removal of THF. It should be 
noted that water must be added in a slow gradient during reduction to avoid regional 
large solvent compositional changes. If they occur, coagulum may be formed resulting in 
a cloudy solution due to large aggregates. The water must also be free of polyvalent 
cations like calcium or magnesium which can bind to the carboxylates and cause gelling. 
If performed correctly, the solution appears water-clear as evident from Figure 6. 
y = 0.1434x + 0.1805 
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Figure 5. Particle size comparison by GPC and DLS for polymer J-51. 
 
 






















5.2 Melamine cured CUPs 
Catalysts being an acid, can cause corrosion or degrade the polymer with time.  
Therefore, the optimum % active catalyst level required for effective curing of CUPs by 
melamine constituted an important study.   
 
Table 3. % Active catalyst required for effective curing of CUPs 
Polymer  % Active Catalyst Pencil Hardness 































Figure 7. Effect of % active catalyst on MEK double rubs of melamine cured acrylic 
CUPs. 
As evident from Table 4 and Figure 7, 0.25% active catalyst (as supplied; based 
on resin solids) gave the optimum performance for melamine cure of acrylic CUPs. 
The curing time study was executed by varying the baking time of the panels as 
10, 20, 30 and 40 min. at a fixed curing temperature (150 
o
C) and 0.25% active catalyst to 
find out the optimum time required for effective cure.  
The performance of the coating reaches its peak value after 20 min. of curing and 
plateaus after 30 min, Figure 8. To ensure thorough cure, a 30 min. curing time for 
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Table 4. Curing time study for melamine cured acrylic CUPs 
Polymer Curing time (min.) Pencil Hardness 
































Figure 8. Effect of curing time on MEK double rubs of melamine cured acrylic CUPs. 
 
A curing temperature study was executed by varying the oven temperature as 100, 
125, 150 and 175 
o
C at a fixed curing time (30 min.) and at 200 
o
C for a curing time of 20 
min. with fixed % active catalyst (0.25%) to find out the optimum temperature required 
for effective cure. 
A curing temperature study was executed by varying the oven temperature as 100, 
125, 150 and 175 
o
C at a fixed curing time (30 min.) and at 200 
o
C for a curing time of 20 
min. with fixed % active catalyst (0.25%) to find out the optimum temperature required 
for effective cure. The best performance was observed in the coatings cured at 150 
o
C for 
30 min, Figure 9. For the polymers J-51 and J-52, over baking of the resin (over 175 
o
C) 
leads to their degradation, most likely via cis-elimination, producing the carboxylic acid 
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CUP resins might be the rapid flash-off of water at temperatures over 150 
o
C. However, 
optimum performance was recorded at a curing temperature of 150 
o
C, Table 5.  
 
Table 5. Curing temperature study for melamine cured acrylic CUPs 
Polymer  Curing Temp. (C) Pencil Hardness 









































Figure 9. Effect of curing temperature on MEK double rubs of melamine cured acrylic 
CUPs. 
To find out the appropriate amount of melamine (estimated functionality of 
melamine) required for effective curing of acrylic CUPs, the amount of melamine content 
required to cure the CUPs was changed by estimating a different functionality of 
melamine as 3.0, 3.5, 4.0, 4.5 and 5.  
Optimum performance is observed as the assumed functionality of melamine as 
4.5 as observed from Table 6 and Figure 10. However, if flexibility is desired, a lower 
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Table 6. Optimum melamine functionality assumed for effective curing of CUPs 
 
Polymer f  of Melamine Pencil Hardness 







































Figure 10. Effect of melamine functionality on MEK double rubs of melamine cured 
CUPs. 
 
Pencil hardness is a measure of the hardness of the coating while MEK double rub 
test, a measure of the solvent resistance and an estimate of the crosslink density of a 
coating. It was observed that the MEK double rubs were high for all of the melamine 
cured CUP clear coats, Table 7. The low Tg high molecular weight CUPs (J-51 and J-52) 
cured by melamine showed excellent curability/crosslinkability and solvent resistance. 
The lack of any crosslinker would render the coating a lacquer, thus resulting in lower 
hardness and solvent resistance as seen from the results of the control. It was observed 
that melamine cured CUP clear coats had good hardness characteristics. It was also noted 
that the CUP clear coat made from high Tg polymer (J-31 & J-32) gave good gloss while 
the CUP clear coat made from low Tg polymer (J-51 & J-52) gave high gloss. As evident 
from Table 7, crosslinking the colloidal unimolecular polymers gives significant boost to 
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the performance characteristics of the resin, as measured by the MEK double rubs and 
pencil hardness. 
 
Table 7. Film thickness, gloss, MEK double rubs and pencil hardness results of the 
CUP clear coats 















J-31 Control 0.5 81 / 83 / 90 5 B 
 
Melamine 0.5 85 / 89 / 93 50 F 
J-32 Control 0.5 87 / 91 / 93 7 B 
 
Melamine 0.5 84 / 90 / 93 82 H 
J-51 Control 0.7 90 / 93 / 97 5 B 
 
Melamine 0.7 90 / 91 / 95 188 H 
J-52 Control 0.5 90 / 94 / 97 7 B 
 
Melamine 0.5 91 / 94 / 98 212 H 
 
It was observed that all the formulated CUP clear coats had excellent flexibility 
and impact resistance, Table 8. These properties can be attributed to the true nano-scale 
of CUP dispersions to form clear coats with ready access to the crosslinking agent 
without having to penetrate into a large particle which requires diffusion time. 
Table 8 and Figure 11 are evidence of the high flexibility and impact resistance of 







Table 8. Mandrel flexibility and impact resistance results of the CUP clear coats  









J-31 Control 1/8” 160+ 160+ 
 
Melamine 1/8” 160+ 160+ 
J-32 Control 1/8” 160+ 160+ 
 
Melamine 1/8” 160+ 160+ 
J-51 Control 1/8” 160+ 160+ 
 
Melamine 1/8” 160+ 160+ 
J-52 Control 1/8” 160+ 160+ 
 




Figure 11. High impact resistance and flexibility of melamine cured CUP clear coatings. 
 
It was observed that the melamine cured CUP clear coats had epoxy adhesive 
failure for the Locktite quickset 2-ton epoxy adhesive which implies that the polymeric 
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films are adhered strongly to the substrate, indicating excellent adhesion, Table 9. 
Therefore, to evaluate the actual adhesion potential of melamine cured acrylic CUPs, a 
higher strength adhesive, DP-460 by 3M was used. It is noted that the melamine cured 
CUPs depicted phenomenal adhesive strength to the substrate. 
 















J-31 Control Locktite  810 C/s Adhesive 100% 
 
Melamine Locktite  1175 E/c Adhesive 100% 
 Melamine 3M  4025 C/s Adhesive 100% 
J-32 Control Locktite 1021 C/s Adhesive 100% 
 
Melamine Locktite  1387 E/c Adhesive 100% 
 Melamine 3M  4655 C/s Adhesive 100% 
J-51 Control Locktite  838 C/s Adhesive 100% 
 
Melamine Locktite  969 E/c Adhesive 100% 
 Melamine 3M  4133 C/s Adhesive 100% 
J-52 Control Locktite  1065 C/s Adhesive 100% 
 
Melamine Locktite  1083 E/c Adhesive 100% 
 Melamine 3M  5070 C/s Adhesive 100% 




No significant change was observed on any of the polymeric films as there was no 
hazing and no change in pencil hardness after a 1 hour water immersion, indicating very 
low water permeability of the clear coatings formulated from CUPs, Table 10.  
 
Table 10. Wet adhesion test results of the CUP clear coats 




J-31 Control No change B 
 
Melamine No change F 
J-32 Control No change B 
 
Melamine No change H 
J-51 Control No change B 
 
Melamine No change H 
J-52 Control No change B 
 
Melamine No change H 
 
 
It was observed that the wear index of control was usually high indicating low 
abrasion resistance while no trend was observed in the wear index of melamine cured 
CUPs indicating moderate abrasion resistance of the clear coats formulated from CUPs, 
Table 11. This corroborates that crosslinking the CUPs with melamine enhances its 







Table 11. Abrasion resistance test results of the clear coats formulated from CUPs 
Polymer Cure type mg lost/100 cycles Wear Index 
J-31 Control 39 390 
 
Melamine 14 140 
J-32 Control 27 270 
 
Melamine 13 130 
J-51 Control 22 220 
 
Melamine 10 100 
J-52 Control 23 230 
 
Melamine 12 120 
 
6. CONCLUSION 
The true nano-scale nature of CUPs can result in a well crosslinked acrylic clear 
coat. The coalescing mechanism for CUPs was similar to latex and the effect of 
coalescent aid was found to be analogous. Melamine cured CUP coatings produced well 
cross-linked films, were found to be harder and likely more effectively cross-linked.  
Further studies should verify this. This work illustrates the true nano-unimolecular nature 
of CUPs and its low viscosity. These zero VOC systems (if ammonia is used) offer a 
potentially high performance technology option for future coatings for both OEM and 
architectural applications. 
Over the past few years, the development of acrylic Colloidal Unimolecular 
Polymers (CUPs) has moved from the realm of laboratory investigation to the point today 
at which they can be tested and developed commercially in numerous applications. Thus, 
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the utilization of melamine curing agents for water-reduced acrylic CUPs have illustrated 
their usefulness and potential is such applications as clear floor finishes or clear topcoats.  
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    SECTION 
2. SUMMARY 
 
The structure of 5-mercapto-1,3,4-thiadiazole-2(3H)-thione and its alkylated 
derivatives was determined conclusively and the chemistry of its reaction mechanisms 
was explained by a corroborative study of X-ray crystallography. Yet, the structure of 
MTT in DMSO solution as well as the product of MTT-DMSO reaction remains 
unsolved. Further investigation, supported by the theoretical calculations should yield 
conclusive results. The use of sulfur containing ligating groups shows potential as 
effective flash rust inhibitors. Research work by Yousef Dawib and Dr. Aysel 
Buyuksagis on active corrosion inhibition studies should address the corrosion inhibition 
ability of the derivatives of MTT.  
 The development of acrylic Colloidal Unimolecular Polymers (CUPs) has moved 
from the realm of laboratory investigation to the point today at which they can be tested 
and developed commercially in numerous applications. The nano-scale size of CUPs 
allows them to be thermodynamically stable in water, provide excellent film forming 
characteristics and can potentially provide good pigment binding ability in architectural 
paints. The utilization of aziridine and melamine curing agents for water-reduced acrylic 
CUPs have illustrated their usefulness and potential in enhancing the coating 
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